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The theme of this work is the observation and understanding of the effects of pore 
functionalization on adsorption properties of stable Metal-Organic Frameworks (MOFs).  
Over the first two sections of this work, sets of materials with representative pore sizes 
and functional groups are studied for adsorption properties.  Observed trends are used to 
identify the best pore properties achievable via functionalization for adsorption systems.  
The third section of this work provides perspective on MOF materials and proposes target 
pore features for an efficient adsorbent for carbon dioxide capture from flue gas. 
The highly stable UiO-66 series of materials was selected for a pure-component 
adsorption study.  The selectivity and capacity for CO2 can be best enhanced with the 
smallest, most polar functional group, such as an amino group, but significantly enhance 
water adsorption.  Large, non-polar groups do not yield a hydrophobic material, but may 
be useful for humid gas separations as pore filling with water is inhibited. 
A breakthrough study was conducted using CO2:CH4 and CO2:N2 mixtures on a 
set of stable MOFs.  UiO-66-NH2 and UiO-66-DM, where DM=dimethyl, outperform 
predictions based on published isotherms.  UiO-66-DM may be a good candidate for 
further study due to the combination of partial hydrophobicity and good selectivity. 
Several pore features are proposed for a MOF as a humid gas separation medium.  
The designable nature of MOFs allows for size-matched pores and single-molecule traps 
which can selectively or cooperatively adsorb CO2 in the presence of water.  Also, these 




Porous materials are highly desirable for many applications.1  Metal-Organic 
Frameworks (MOFs) are a young class of porous materials.2, 3  Among the many uses 
under active research for MOFs are: adsorption,4-8 catalysis,9, 10 drug delivery,11 chemical 
sensing,12 non-linear optics,13 thin films,14 ferroelectrics,15 and luminescence.16  In 
addition to all these uses, the properties of MOFs enables detailed characterization and 
thus detailed simulation and prediction of new properties and new uses.17 
The origin of the term “metal-organic framework” is attributed to Omar Yaghi, a 
pioneer in MOF development.18, 19  As the field of materials with similar properties and 
synthetic techniques has grown, various equivalent general names have been proposed, 
such as Porous Coordination Polymers (PCPs) and Networks (PCNs).20-22  Despite the 
various naming schemes, both for the entire class of materials and especially for 
individual materials, the field has grown at an enormous rate within the past two 
decades.23  For the remainder of this work, all inorganic-organic hybrid porous materials 
of a modular, crystalline nature will be referred to as MOFs. 
 
MOFs are a chemically diverse class of materials, synthesized from the 
connection of organic linkers and metal secondary-building units (SBUs).  The field of 
MOF research continues to grow and yield interesting and novel materials primarily due 
to the extraordinarily large number of choices of both organic linkers and inorganic 
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SBUs.24  Primarily, synthesis occurs by dissolving an organic linker and a metal salt in a 
solvent, such as DMF, and subsequent heating in a sealed vessel, and numerous methods 
for directing the synthesis have been developed.25  The resulting material retains 
unreacted materials and solvent, requiring washing and activation before the pores can be 
utilized.26  The organic linkers are any number of multi-dentate ligands, including 
polycarboxylates27 and azolates.28  The SBUs form in situ in nearly all cases for MOF 
synthesis allowing for one-pot synthesis. 
One of the first techniques for obtaining various properties in MOFs was termed 
isoreticular synthesis.  The term isoreticular is defined as “having the same network 
topology.”19  While maintaining linker and SBU connectivity, varying the organic linker 
yields a series of isoreticular materials, an example series is shown in Figure 1.1.  One of 
the consequences of this control is the ability to “tune” the properties of the material in an 
incremental fashion.  For instance, addition of an amino group to the benzene ring of 
terephthalate yields a material with significantly improved adsorption affinity in 
comparison to the unfunctionalized material.29  Further extension of this technique leads 
to multifunctional materials22, 30 and unique properties.31 
Under certain circumstances, changing the organic linker leads to an entirely new 
material.32  This change lead to one of the most important series of isoreticular materials, 
MOF-74.33  Instead of replacing the organic linker, the metal introduced in synthesis can 
be varied from Zn to Mg, Ni, Co, Fe, or Mn, yielding a series of isostructural materials 
with varying properties.34-36  The resulting series, known by the names of (M)MOF-74, 
(M)CPO-27, and M/DOBDC, where M is the metal symbol, has yielded record-breaking 
adsorption properties and high selectivities.36, 37  A property found in this series of 
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materials is the coordinatively-unsaturated site (CUS) or open-metal site (OMS), which is 
essentially an adsorbate-accessible metal cation, a highly active site for adsorption36 and 
catalysis.10  OMSs were first observed in HKUST-1, a copper-paddlewheel SBU, and this 
material remains one of the most investigated materials for adsorption study.38 
A series of important and highly stable MOFs are isoreticular to MIL-53 
(Materials of Institute Lavoisier).39  These materials show significant flexibility and 
transition from narrow 8.5Å pores to wide 13Å pores.  This flexibility, or “softness,” 
enables many separations that are difficult with rigid materials.8  Most MOFs show some 
degree of flexibility, ranging from rotation and bending of organic linkers up to large unit 
cell size changes.  Flexibility has an impact on virtually all adsorption properties, 
particularly diffusion rates, heats of adsorption, and selectivity. 
Multi-step synthetic methods have been developed which utilize OMS and 
organic functionalities within the pore spaces to produce new functional materials.  After 
the material is synthesized and washed, post-synthetic modifications (PSM) can be 
conducted on the chemically active functional groups exposed in the pore space.40, 41  
Major PSM methods include amine grafting on OMS,42, 43 condensation reactions on 
amine groups,44 ligand exchange,45, 46 and metal substitution.47, 48  These techniques are 
able to introduce functionalities within the pore space which are not obtainable via direct 





Figure 1.1.  Examples of the IRMOF series of materials exemplifying the ability to 
control pore size and functionality via control of the organic linker.  Reproduced from 




MOFs synthesis is a bottom-up approach, which is the process of making a 
complex product from basic building-blocks.  The general approach to MOF synthesis is 
to combine a metal ion source and an organic ligand in a solvent, then heat the solution in 
a sealed vessel for some period of time in a temperature controlled oven.25, 49  This 
method is known as solvothermal synthesis or conventional synthesis.  If water is the 
solvent, then the method is known as hydrothermal synthesis.  Nearly all MOFs require a 
unique set of conditions, especially when identical reaction solutions can yield multiple 
products or polymorphs with a variation in time or temperature.50 
The metal ion source is typically a salt with nitrate as the counterion.  Altering the 
anion in the metal source can lead to significantly different MOF structures.51  
Modulators can also be added to affect particle growth or alter the MOF structure.  
Typically, modulators are weak acids which can coordinate with the metal ions in 
solution, stabilizing or inhibiting transient structures, thus allowing a degree of control 
over nucleation and growth.52 
The synthesis temperature can range from 323K-523K, where a particular 
temperature may be optimal for producing a particular MOF.  Choice of synthesis 
temperature is typically determined by trial-and-error, as there are many unknown factors 
influencing the synthesis mechanism.  Among the limiting factors are solvent and ligand 
stability at high temperatures as well as pressure limitations of vessels. 
The typical vessels used for synthesis are either PTFE-lined stainless steel 
autoclaves or borosilicate glass vials ranging from 20 to 60 mL.  Autoclaves are used 
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when autogenous pressures may exceed the rating for glass vials.  Most syntheses can be 
conducted in glass vials, which is preferred as they are low cost and single use. 
Alternative synthesis methods include electrolysis, microwave, mechanical, and 
solvent-free methods.  These methods often require optimization for each individual 
material but have potential for more rapid synthesis with more uniform product quality 
but require specialized reaction vessels and optimization of synthesis conditions. 
 
One of the most serious problems encountered during MOF development is the 
issue of stability of the materials in contact with water vapor.53  Many of the first MOF 
materials would decompose quickly on exposure to air leading to degradation of porosity, 
function, and crystallinity.54  The concept of stability has become a major factor of 
consideration for new material reports in recent years.  Stability is also a major driving 
force for further study of a material and its potential commercialization.55  The criteria for 
stability vary significantly from report to report and the resulting ability to classify 
materials on a scale of stability remains a subjective process. 
Numerous papers have been published on the subject of stability, attributing the 
propensity to degrade on a number of factors.  As with all chemical systems, reactivity 
can either originate from thermodynamic or kinetic factors.  Thermodynamic factors can 
essentially be simplified to the difference between the bond energies of products and 
reactants.53  This has been utilized to predict most carboxylate-based MOFs to be 
unstable, as hydrolysis will be energetically favorable. 
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The complexity behind predicting kinetic stability poses a significant challenge.  
Attribution of the degree of stability to certain factors has been a case-by-case operation, 
highly dependent on human intuition and experimental design.  Several recent works 
have begun to systematically study the factors and have identified several mechanisms to 
inhibit MOF degradation.56-59  Among these inhibition factors are steric hindrance, ligand 
exchange rates, and high connectivity. 
The first factor has been studied by Jasuja, et al. and has shown that the highly 
susceptible zinc-carboxylate bonds can be protected from attack by water with a bulky, 
methylated ligand.56  The next factor prediction and understanding of the chemical 
stability of MOFs lies in their alternate name, Porous Coordination Polymer.  The field of 
coordination chemistry provides a useful series of trends for prediction of MOF 
stability.57  Ligand exchange rate is a property of each metal and varies with oxidation 
state.58  Among the commonly used ions, Cr+3 and Al+3 have slow exchange rates and are 
also found to yield stable MOFs.  Finally, high connectivity helps prevent structure loss 
because, when a single ligand-metal bond is broken, a cascading structural collapse 
doesn’t occur, a property exemplified by UiO-66.59 
 
As with other porous materials, the applications for MOFs are diverse.  One of the 
applications is adsorption where the adsorbent provides an energy efficient medium for 
separation.  Of particular interest is bulk separation of carbon dioxide from flue gas and 
bulk separation of CO2 or N2 from CH4 in natural gas.  Additionally, trace contaminant 
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removal is of major importance for various industrial applications such as pipeline 
transport of natural gas.  
Adsorption is the process by which molecules, known as adsorbates, are 
concentrated near a solid surface in excess of the bulk concentration.  This reversible 
process is energetically favorable and the released energy is dissipated as heat.  As with 
other exothermic processes, higher temperatures lead to lower adsorption performance.  
Also, mass transfer rates are important as the process of adsorption is a transfer of 
material from a bulk gas phase to an adsorbed phase within a solid porous particle. 
Different adsorbents and adsorbates interact to different degrees and are generally 
classified into two general regimes, chemical and physical.  For chemical adsorbents 
(chemisorbents), the dominant adsorption mechanism is reversible chemical reactions 
between adsorbates and surface functionalities.  For physical adsorbents (physisorbents), 
electrostatic interactions between adsorbates and the pore surface result in attractive 
forces between the adsorbate and adsorbent.  Adsorption affinities differ for each 
adsorbate species which leads to selective adsorption and inevitably to the ability to 
separate a mixture.  Selection of various pore functionalities can enhance or inhibit 
certain adsorption interactions. 
 
The effect of functional groups on the adsorption properties of various porous 
materials is an extensively studied topic but new works continue to produce unexpected 
results.30  The effect of each functional group is highly dependent on the porous material 
as well as the mechanism of adsorption.  For chemisorption, the chemical reactivity 
between the functional group and the target adsorbate are essential for improved 
9 
 
adsorbent performance.  Although other factors come into play when a material is to be 
utilized in a real-world system, they won’t be discussed here for chemisorbents.  For 
physisorption, the primary effect of functional groups is alteration of electrostatic and 
dispersive forces exerted between the adsorbate and pore walls. 
Physisorption involves the sum of attractive forces exerted between adsorbates 
and solid surfaces.  One way of understanding this is to imagine a potential energy well 
near the solid surface into which the adsorbate molecule enters and reduces the overall 
energy of the system.  In order to increase these attractive forces, two major approaches 
can be used.  The first is to place multiple surfaces in close proximity in order for a single 
adsorbate molecule to adsorb at a site with multiple overlapping potentials.  The second 
is to increase the intensity of the potential energy well at the adsorption site by increasing 
either the intensity of electrostatic interactions or geometrically matching the partial 
charges of the adsorbate with the functionality. 
Nanoporous material research has greatly improved the ability to obtain various 
pore sizes and shapes, which directly relates to the ability to maximizing overlapping 
potentials.  MOF research allows some degree of control over pore size and shape due to 
the predictability of isoreticular structures.  When two MOFs are synthesized with 
identical SBUs, adjustment of the organic linker can lead to predictable pore size changes 
in many cases.  Also, with elongated linkers, some MOFs can form interpenetrated 
structures, where two complete networks are intermeshed.  These interpenetrated 
materials can possess smaller pores than an isoreticular structure with shortened linkers, 
thus enabling an alternative route to achieving pore size control. 
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The diverse nature of organic chemistry allows for a vast number of accessible 
organic functionalities.  The two most common linkers used in MOFs, terephthalate and 
imidazolate, are highly amenable to functionalization.  Addition of functional groups 
with strong partial charges have been shown to improve adsorption in all classes of 
adsorbent materials.  Commonly targeted groups are hydroxyl, amino, nitro, and carboxyl 
functionalities, all of which have been tested in certain MOF families for their effects on 
adsorption.  The correlation between increased adsorbed amounts and the properties of 
these functional groups is not linear, but a general ranking of their performance shows 
that the smallest and most polar functional groups often show the best performance on a 
per mass of adsorbent basis. 
 
Previous sections only discuss pure-component adsorption, but most adsorbents 
are used to separate mixtures.  For equilibrium adsorption, two additional factors arise.  
The first is competition between gas molecules for adsorption sites.  The second is 
adsorbate-adsorbate interactions.  At low pressures and low loadings, the competition is 
close to thermodynamically ideal, but deviate significantly as loadings and pressures 
increase.  Some systems, particularly those with water vapor adsorption, are highly non-
ideal at all loadings.  Mixture isotherms for nearly ideal systems are computationally easy 
to predict from pure-component isotherms, but more non-ideal systems require 
experimental measurement to verify any predictions. 
For dynamic mixture adsorption, the impact of diffusion becomes highly relevant.  
In some cases, when two molecules have similar adsorption properties, the difference in 
diffusion rates can be significant enough to allow kinetic separations.  This is especially 
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important for molecular sieves where pore sizes are almost equivalent to the kinetic 
diameter of adsorbates.60  As pore features and adsorption properties vary greatly 
between each adsorbent-adsorbate pair, general rules are difficult to extrapolate.  Among 
the features which each have unique interactions are one dimensional channels, chamber-
window systems, interconnected channels, and three dimensional structures. 
Measuring mixture adsorption requires a combined adsorption apparatus and gas 
analyzer.  Measuring equilibrium mixture adsorption is typically accomplished with a 
volumetric system while dynamic measurements can be done with a breakthrough 
system.  Equilibrium measurements use a combination of composition analysis and 
mixture equations of state to determine uptake.  Breakthrough instruments pass a mixture 
through a small adsorbent bed and measure outlet composition as a function of time.  
Volumetric methods are highly accurate even with small sample sizes, but may not be 
able to produce kinetic data, whereas breakthrough experiments can yield nearly all 
relevant data if the system is sufficiently well designed and the sample is large. 
The simplest dynamic adsorption experiment is known as breakthrough, a name 
derived from the characteristic series of events of adsorption, saturation, and eventual 
“breaking through” of feed components.  Measurement of the concentration of 
components downstream of the bed over time yields the breakthrough curve.  Initially, 
the bed is purged of adsorbed species by a weakly adsorbing gas such as helium.  As the 
feed stream of known composition is passed through the bed, the mixture components 
will adsorb and eventually saturate the bed in a progressive manner.  As the bed nears 
saturation, a fraction of the feed gas mixture will break through the bed and be detected, 
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with the fraction rising to match the inlet concentration at complete bed saturation.  The 
time for this breakthrough to occur and the shape of the resulting breakthrough curve are 
intrinsically tied to the experiment. 
The factors which affect breakthrough include mass transfer rates, heat effects, 
and mixture adsorption effects.61  Each of these reduces the effectiveness of the bed and 
thus allows feed gas to breakthrough in a shorter period of time. 
 
Since adsorption is a function of both the system pressure and temperature, the 
two major adsorption cycles control these properties in order to adsorb and release 
various mixture components in a predictable manner.  Pressure swing adsorption (PSA) is 
generally a process where separation is achieved by adsorbing gas at an elevated pressure 
then driving desorption by reducing the system pressure.  Temperature swing adsorption 
(TSA) is generally a process where a component is strongly adsorbed at constant pressure 
and desorption is driven by elevating the bed temperature.  Typically the gas mixture is 
divided into two portions based on how the adsorbent bed retains each component.  The 
more strongly adsorbed materials are retained while a purified product stream of weakly 
adsorbing material passes through the bed.  Regeneration of the bed involves desorption 
of the strongly adsorbed species and removal from the bed, allowing for the process to be 
repeated. 
PSA processes are generally used for bulk gas separations and can be optimized 
to produce either fraction of the mixture at high purity at the expense of the purity of the 
other fraction.  The most well-known PSA cycle is the Skarstrom cycle,62, 63 where two 
adsorbent beds are used in conjunction to create a continuous separation process.  In this 
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cycle, one bed is adsorbing at high pressure and producing the raffinate while the other 
bed is being regenerated at low pressure and producing the extract.  In between these 
stages are pressurization and blowdown phases of the cycle, where the bed pressure is 
rapidly changed.  This cycle, as originally designed for air separation, produces a high 
purity raffinate stream while the extract is released as waste.  Various optimizations and 
increased cycle complexity can yield higher purity and/or recovery of either extract or 
raffinate. 
Two major factors come into play outside of the adsorbent performance with 
regard to PSA cycles.  The first is temperature control, as most PSA processes operate 
nearly adiabatically.  Heat transfer rates are slow while the heat of adsorption can be 
significant and lead to temperature rises of many tens of degrees Centigrade.  Dissipation 
of this heat is essential to improving the utilization of the bed, and remains an 
engineering hurdle for implementation.  The second is mechanical stability, as large 
pressure changes can generate large forces in the bed.  If adsorbent particles are crushed 
to dust, the material can elutriate downstream or have significantly reduced performance.  
Both of these factors are important for PSA systems design, in addition to the properties 
of the material. 
TSA processes are well suited to removal of strongly adsorbing species at dilute 
conditions and constant pressure.  The general process involves strongly adsorbing one 
component while producing a high purity raffinate, then regenerating the bed by adding 
heat, usually in the form of steam or hot gas.  If properly designed, the extract can also be 





The general method for characterizing adsorbent materials is to determine the 
properties when the material is at thermal and chemical equilibrium with its surrounding 
environment.  Naturally, in real-world applications, the ability to wait until everything 
has reached equilibrium is not economically viable.  The importance of mass transfer 
cannot be understated when attempting to transition materials from development to 
implementation phases.  Typically, these measurements and calculations are only 
conducted on the best candidate materials, due to the difficulty in controlling extraneous 
effects.  These effects include particle size, particle texture, and the instrument 
characteristics. 
A focus only on the micropore diffusion or only on the bulk and macropore 
diffusion allows for a simplified understanding.  Generally, micropore diffusion will not 
be the dominant factor in adsorption systems unless the pores are very narrow or 
molecules adsorb strongly in the pores.  These factors are often found in molecular sieves 
or small pore materials with CUS or exposed cations.  Most MOFs studied to date have 
fast diffusion rates due to the significant flexibility of the coordination and covalent 
bonds found throughout the material, even if the structure is rigid.64, 65 
The adsorbent material must be in a form which can be handled in bulk industrial 
processes, typically a mechanically robust pellet.  The pellet form compresses individual 
adsorbent crystals together along with a binder, a process which forms macropores and 
other unpredictable textural properties.  These properties have an impact on mass transfer 
rates which must be empirically determined for a pelletization process.  Binder typically 
accounts for 10-30% of the pellet mass and thus reduces the total performance.  
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Pelletization of MOFs has recently become a subject of increased study as it has been 
shown that MOFs produce robust pellets without any or very little binder.66-68 
 
Each of the concepts and techniques introduced previously are important to the 
understanding of adsorbents and for further development of materials for separations.  As 
MOFs are a young and rapidly growing class of materials, the understanding of the new 
properties accessible via MOFs an essential endeavor.  Three major factors must be 
considered in order to advance the understanding of MOFs as adsorbents. 
The first factor is studying inherently stable MOFs for their pure-component 
adsorption properties.  Modifying MOFs in a systematic manner in an attempt to cover a 
representative set of pore features would allow for a better understanding of how to 
modify other MOFs for improved performance.  By measuring the gas uptake at 
equilibrium conditions and at various temperatures, heats of adsorption and ideal 
selectivity can be calculated as well as predictions of mixture adsorption behavior.  
Together, all of these properties are important for design and implementation of these 
materials at a larger scale. 
The second factor is measuring the dynamic adsorption behavior of another set of 
MOFs with representative pore features in order to understand their effect on non-
equilibrium adsorption.  Mixture adsorption measurements obtained via breakthrough 
experiments enable a direct observation of the effects of adsorbing multiple gases 
simultaneously.  The breakthrough times provide information about how much gas can be 
adsorbed before the bed is no longer effective for separations and therefore must be 
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regenerated.  The data can be further used to build a model to verify the results and 
determine factors not obtainable by the direct measurements. 
The third factor is creating a connection between the reports of MOF stability, gas 
adsorption, and water adsorption properties to propose structures and methods for 
producing an effective water-tolerant CO2 adsorbent.  Previously published research has 
identified certain mechanisms and others have been proposed which govern the water-
induced degradation of MOFs.  Further, producing a stable MOF that adsorbs enough 
CO2 in the presence of water vapor for useful applications requires a focus on different 
pore features.  Currently, the focus is on single functionalities that strongly interact with 
CO2 but water always adsorbs more strongly.  Therefore a focus on multiple CO2-specific 
interactions at adsorption sites and shape matched pores may be the way to proceed.  
 
The following work describes the development of trends for design of optimal 
MOFs in adsorption applications.  Chapter 3 is taken directly from a peer-reviewed 
article published in Langmuir.69  This work discusses the measurement of pure-
component gas adsorption data on a series of isostructural MOFs varied by the presence 
of a functional group on the organic linker.  The MOF series chosen was based on the 
highly stable UiO-66 materials and the functional groups were chosen to represent for 
polar, hydrophobic, and hydrogen-bonding capability.  From the results, trends are 
discerned which indicate that the smallest, most polar functional group leads to the 




In Chapter 4, the dynamic adsorption capacity and separation capability of a 
series of MOFs is explored with breakthrough experiments and modeling.  Due to small 
batch sizes during normal MOF synthesis, a micro-bed breakthrough apparatus was 
utilized to test the materials.  Due to the construction of the apparatus, the typical 
assumptions applied to breakthrough measurements are not valid, leading to a model of 
high complexity.  The results of this work indicate that the best selected MOF, UiO-66-
NH2, performs about half as well as zeolite NaY, chosen as a standard.  The results 
further indicate that the multiple sources of uncertainty in this experimental setup prevent 
its further use in obtaining exact quantitative measurements, but retains suitable 
qualitative and model validation capabilities. 
In Chapter 5, the extensive library of knowledge of MOFs in general is explored 
in order to gain perspective on the attributes which can be used to develop a water-
tolerant adsorbent for flue gas capture.  By removing situations which are more properly 
suited for other classes of adsorbents, the best candidate system for carbon capture from 
flue gas is vacuum swing adsorption.  The features of MOFs which impart stability, 
provide for selectivity of CO2 over other gases, and do not induce strong water adsorption 
are reviewed.  Utilizing these pieces of information, a series of target structures are 
proposed which may possess suitable properties for carbon dioxide capture. 
In Chapter 6, the conclusions to this work are presented and recommendations for 
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MATERIALS AND EXPERIMENTAL METHODS 
 
 
A powerful tool for analyzing the crystal structure of a material for identification 
and quality purposes is Powder X-Ray Diffraction (PXRD), a variation of X-Ray 
Diffraction (XRD).  The governing process behind XRD is that the atoms, organized in 
crystal planes, will absorb and re-emit incident radiation, effectively reflecting a fraction 
of the radiation.  When a detector is placed at the correct angle, the reflected radiation 
from multiple, parallel crystal planes produces constructive interference as predicted by 
Bragg’s Law1 (Eq. 2.1).  As there are numerous crystal planes in a single crystal, the 
constructive interference results in a set of characteristic peaks at specific angles for the 








where λ is the wavelength of the incident radiation, d is the distance between parallel 
crystal planes, θ is the angle of incidence, and n is an integer value. 
PXRD assumes that a powder is a large number of identical and randomly 
oriented crystals, allowing for all possible crystal orientations to be measured along a 
single axis.  The information obtained from a PXRD scan is a set of peaks above a low 
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background signal and, without significant analysis, allows for rapid qualitative 
evaluation of a sample.  If the peaks are not significantly greater than the background, 
then the sample can be regarded as of poor quality.  If peaks are missing or located at the 
wrong position, then the sample can be regarded as contaminated or improperly 
synthesized.  Typical analysis involves comparison of the position of prominent peaks to 
a simulated pattern obtained from published crystal structure data. 
The instrument used to obtain PXRD measurements is an X’Pert PRO X-Ray 
Diffractometer from PANalytical.  The software used to analyze the PXRD data was 
HighScore® from PANalytical.  Published crystal structures were obtained from the 
Cambridge Structural Database (CSD).  The crystal structure files were visualized and 
simulated PXRD patterns obtained using Mercury. 
 
A thermogravimetric analyzer (TGA) is an instrument with a high temperature 
furnace and precise mass balance.  TGA is a destructive analysis technique and the 
standard result is a plot of weight versus temperature.  Sample prep involves placing 
roughly 10mg of sample in a crucible, which is placed on the weight balance in the 
furnace.  A purge gas stream is passed over the sample and the system temperature is 
incrementally raised while weight measurements are recorded.  Weight loss as a function 
of temperature reveals information about the temperature range at which adsorbed 
species can be removed as well as the temperature range for decomposition.  This data is 
important for determining what activation conditions can be used as well as thermal 
stability.  In this work, TGA is used for determining weight loss of activation, suitable 
activation temperature ranges, and as a quality test for comparison to published results. 
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The instrument used is a Netzsch STA 449 F1 Jupiter thermogravimetry analyzer 
with an attached QMS 403 C Aëolos® quadrupole mass spectrometer.  The software used 
to record and analyze the TGA and MS data was Proteus® thermal analysis software. 
 
Perhaps the most well-known method for characterizing the pore space of a 
material is N2 adsorption at 77K, colloquially known as BET analysis.  Two important 
attributes of porous materials is surface area and pore volume.  Nitrogen is a relatively 
inert molecule, easily obtained at high purity, and available as a cryogenic fluid which 
makes it an excellent candidate for probing those two material attributes.  The normal 
boiling point of N2 is 77K and measurement at sub-atmospheric pressures (relative 
pressure (P/Po) < 1) allows probing of the vapor-liquid equilibrium on surfaces. 
The BET method, developed by Brunauer, Emmett, and Teller, is a mathematical 
model for adsorption of gas molecules as multiple layers on a pore surface2 (Eqs. 2.2 and 
2.3).  The BET method has five major assumptions.  First is that one molecule can adsorb 
on each distinct adsorption site, eventually forming a complete monolayer.  Second is 
that an adsorbed molecule can act as an adsorption site for additional molecules as 
additional layers.  Third is that the uppermost layer will approximate a liquid phase and 
will be in equilibrium with the vapor phase.  Fourth is that a quantity of heat is required 
for the adsorption/desorption process, allowing for Arrhenius-type rate equations.  The 
energy of desorption for each molecule in the layer at the solid surface is equivalent and 
denoted as E1 while for all additional layers equals E2 = E3 =…= En = EL, the heat of 
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where v is volume of gas adsorbed, vm is monolayer volume, P/Po is relative pressure, c is 
the BET constant, R is the ideal gas constant, and T is absolute temperature.   
Plotting obtained data in the correct relative pressure regime yields a linear plot 
(Eq. 2.4).  The standard relative pressure values are between 0.05 < P/Po < 0.35, but a 
lower range may be more appropriate for microporous materials.  The factors for 
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From this plot, the slope and intercept can be obtained and used to calculate the total 
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where A is equal to the slope and I is equal to the intercept of the plotted data, Nav is 
Avogadro’s number, a is the coverage area of a single molecule, which for N2 is 16 Å
2, m 
is sample mass, and V is liquid molar volume of the adsorbate. 
One of the most important questions is the accuracy of the BET method for 
microporous and energetically heterogenous materials such as MOFs.  These two aspects 
may weaken or invalidate assumptions four and five from the above list.  The work by 
Walton et. al. shows that the BET method remains valid for MOFs and other microporous 
materials and calculations using data at a lower relative pressure range produce more 
meaningful surface area values3.  Care must be taken to ensure physically reasonable 
values (non-negative) are calculated.  The best pressure range varies from material to 
material, but an effective range for most microporous materials is 0.005 < P/Po < 0.035.  
This is the pressure range for BET calculations used throughout this work and is verified 
as physically reasonable. 
A similar surface area calculation is based on the Langmuir model.  Often, this 
method overestimates surface area as it contains assumptions which are invalid for 
microporous materials.  The most important conflicting assumption is that the first 
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monolayer of adsorbate is formed to completion before any further layers form.  Since 
additional adsorbed layers begin to form before the monolayer is complete, the measured 
adsorbed amount will be greater than what is actually adsorbed in the monolayer, leading 
to overestimated surface areas. 
One aspect of surface area analysis is the required mass of adsorbent for accurate 
measurement.  A rule-of-thumb is the required minimum mass yields at least one square 
meter of total surface area.  This ensures that enough gas is adsorbed to minimize 
accuracy error from weighing and pressure measurement.  This general rule was 
supported by the instrument manufacturer’s recommendation for sample sizes in the 
provided operating manual. 
The equipment used to measure N2 adsorption at 77K is a Quadrasorb SI and the 
software used to analyze the data is QuadraWin from Quantachrome Instruments.  
Standards testing on the instrument verify accuracy and precision to be within ±5% of 
excepted values.  Measurements are taken from 10-4 to 0.995 relative pressure with using 
UHP grade N2 from Airgas.  Activation of samples is conducted on a FloVac
TM Degasser 
with an attainable vacuum of ~0.010 torr.  Sample weight was obtained from the 
difference of an empty, sealed cell and the same cell loaded with activated sample sealed 
under N2.  Sample cells are glass tubes with one rounded end where the sample is placed 
while at the open end a CellSealTM cap is inserted.  The CellSealTM cap acts as a check 
valve, preventing lab air intrusion to the sample during transfer and handling. 
An introduction to adsorption was provided earlier in this work.  As was noted, 
the adsorption process shifts the concentration of molecules from the bulk gas phase 
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closer to the surface of an adsorbent.  This material transfer can be measured by various 
methods, the two most important being gravimetric and volumetric.  Operation of these 
methods depend on a few common as well as specific corrections and assumptions.  The 
common assumptions for most pure-component adsorption analyses is that the process 
occurs under isothermal conditions and that there is no mass exchange except for gas 
molecules in equilibrium between adsorbed and gas phases.  Care must be taken to ensure 
that these assumptions are applicable to each test. 
Gravimetric analysis is the direct measurement of sample weight which provides 
information on the quantity of gas adsorbed by a porous material.  The data obtained 
from a gravimetric analysis instrument is very reliable as the only assumption is that the 
internal sample temperature equals the ambient temperature in the pressure chamber.  
Placement of a thermocouple in close proximity to the sample can minimize errors due to 
heat transfer, except at extremely low pressures where conductive heat transfer is 
inhibited.  Additionally, the instrument can be configured to record data in real-time, 
yielding adsorption kinetics information and can directly show whether a sample has 
reached equilibrium.  An additional benefit of gravimetric analysis is the ability to attain 
pre-defined equilibrium pressures. 
The measured weight change can be directly used to obtain the excess adsorbed 
amount.  Conversion from excess adsorption to total adsorption involves a secondary 
measurement of the sample in helium in order to obtain a buoyancy correction.  This 
buoyancy correction has proven to be difficult to obtain with the instruments available.  
Additionally, this conversion is not necessary for much of this work as differences 
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between excess and total adsorbed amounts vary less than the measurement error over the 
pressure range of 0 to 10 bar.  Pressures above 10 bar are measured only for presentation 
and comparison purposes as the focus of this work is on low pressure adsorption.  
Therefore, all reported values in this work are excess adsorbed amounts. 
The equipment used for pure-component gravimetric gas adsorption analysis is an 
Intelligent Gravimetric Analyzer (IGA-001) from Hiden Isochema, Inc.  The software 
used to record and analyze data was IGASwin Systems Software. 
Volumetric analysis is the indirect measurement of the amount of gas adsorbed 
via a mole balance on the gas phase.  For this work, the Peng-Robinson equation of state 
was used to calculate the number of moles of gas in the gas phase.  By conducting a mole 
balance on a reference chamber and the sample chamber, the excess adsorbed amount can 
be determined.  As gas is adsorbed, the pressure in the sample chamber drops until 
equilibrium is reached.  This precludes the ability to reach pre-determined pressures, a 
difficulty that is easily overcome by fitting data to isotherm models. 
Direct measurement of sample temperature is possible in volumetric systems, but 
the one built and used in this study does not have this capability.  Due to the lack of direct 
temperature measurement, a thermal equilibration time was considered to be 30 minutes 
and standard operation doubles this time to ensure equilibrium is reached. 
The apparatus used to obtain volumetric adsorption data was constructed in-
house.  Two samples are placed side-by-side in a water bath with a heating and stirring 
pump maintaining bath temperature.  All fitting are of Swagelok® or VCR® type and the 
valves were ultra-low leak rate valves purchased from Swagelok.  Four pressure 
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transducers and a signal conditioner with display were purchased from Honeywell and 
used with factory calibrations.  Calibration consisted of dead-volume tests with various 
non-adsorbing materials at various pressures, temperatures, and volumes.  Further 
information about this instrument can be found in Appendix B. 
Vapor adsorption is challenging, particularly because it is difficult to measure 
pure-component vapors as a carrier gas flow is often required.  Also, there exists the 
possibility for condensation leading to measurement errors.  Two methods are possible, 
one being a static method where a pure vapor phase is established while the other uses a 
constant flow of vapor in a carrier gas at a constant composition.  Combining the constant 
flow method with a gravimetric analyzer, isothermal measurements can be obtained in a 
relatively straightforward manner.  With multiple mass flow controllers (MFC) 
controlling purge, dry carrier, and saturated carrier gas streams, the composition of the 
flow entering the sample chamber can be set.  The difference between the amount of 
water adsorbed and the carrier gas, often N2 or He, is great enough to assume only water 
vapor adsorbs and the carrier is insignificant. 
The apparatus used to obtain the water vapor isotherms is an Intelligent 
Gravimetric Analyzer (IGA-003) from Hiden Isochema, Inc.  The original configuration 
of this instrument was altered by removal of the downstream mass spectrometer, as it was 
found to have inherent design incompatibilities during operation.  Additionally, all 
exhaust from this instrument was transmitted via tubing to a nearby fume hood.  These 
changes do not affect mass measurement of vapor adsorption in an inert gas.  The 
software used to record and analyze data was IGASwin Systems Software.  
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Dynamic bed adsorption, commonly referred to as breakthrough analysis, is a 
method for measuring non-equilibrium gas adsorption.  Three major components are 
needed: gas supply controllers, a packed bed of sample, and a detector.  Steady state flow 
is established in the bed by flowing a purge gas, such as helium, through at the same rate 
as the experiment.  At the start of the experiment, gas entering the bed is switched from 
purge to the experimental composition via a valve or switches.  The gas mixture passes 
through the bed with all or a portion adsorbing until the bed reaches saturation.  Once the 
bed is saturated with a component of the mixture, that individual component “breaks 
through” and is detected downstream.  This type of experiment is very relevant to real-





Figure 2.1.  Schematic of the instrument used in this study.  Flowrate capabilities are 
























The apparatus, shown in Figure 2.1, used to measure the breakthrough times of 
various gas mixtures studied in this work was built by a colleague in the Walton Research 
Group.  It was designed for toxic gas breakthrough experiments and thus was built for 
remote control in order to place the entire apparatus in a fume hood.  A set of external 
switches was used to control the MFCs.  This is a less-than-ideal situation as all 
mechanical devices, including MFCs, do not operate instantaneously.  The MFCs used 
here are rated to attain set point within 1.5 seconds, which is one order of magnitude less 
than the breakthrough times measured.  All materials were 316SS tubing with VCR® or 
Swagelok® fittings.  The detector was a Hiden DSMS quadrupole mass spectrometer with 
a rate of measurement of once every 1.8 seconds.  The software used to record data was 
MASsoft.  Further details on this process are provided in Appendix A. 
 
Many porous materials are synthesized in solution or strongly adsorb gases and 
vapors upon exposure to lab air during normal handling.  Whatever molecules are present 
in the pore space, be it solvent, water, or various gases, must be removed in order to 
provide pore space for the desired adsorbate.  Typical activation entails heating of the 
sample at reduced pressure, but some considerations are required. 
A general activation method, beginning with a material isolated from its reaction 
solution, typically involves repeated washes.  The first series of washes are with a strong 
solvent, usually the same as used for synthesis, in order to remove unreacted materials 
from the surface and pores of the material.  Additional washes are often conducted in 
order to exchange the strong solvent with a more readily vaporized solvent.  If the 
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material may be air sensitive, then it is stored in a solvent-laden or “wet” condition until 
further use, as it has been found to inhibit sample degradation by preventing contact with 
air.  Otherwise, the sample is air-dried, as dry powders are more easily loaded into 
sample cells.  In the case of electrically insulating materials, such as glass, static buildup 
can cause problems for powder loading and weight measurement.  Static can be 
eliminated with a wipe from anti-static sheets over the outside of the cell and then wiping 
off residue with a lint-free wipe. 
For BET analysis, up to four samples are prepared concurrently.  Weights of all 
sample cell equipment is obtained beforehand.  A sample is prepared by loading between 
20 and 50 mg of sample into a glass tube which is rounded at one end.  A cap with an 
internal check valve is inserted into the open end of the glass cell, sealing it from further 
contact with lab air.  The capped sample cell is connected to a vacuum manifold and a 
vacuum is gently applied in order to prevent powder from elutriating.  The end of the cell 
where the sample lays is placed in a heating jacket and the temperature is slowly raised to 
a prescribed activation temperature, which is maintained by a PID temperature controller.  
Actual sample temperature is expected to be roughly 20°C below the set point. 
For volumetric analysis, two samples can be concurrently tested and are prepared 
simultaneously.  Roughly 50 mg of sample is loaded into a sintered stainless steel filter, 
acting as a sample pan.  The sample pans are covered with only enough aluminum foil to 
secure the powder.  The sample pan is placed into the cell and a number of filler blocks 
of aluminum foil are placed to minimize cell volume and secure the sample.  The two 
sample cells are connected to a separate vacuum manifold and vacuum is slowly applied 
and monitored via the pressure transducers.  The portion of the cell with the sample is 
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wrapped in heat tape, taking care to not overlap sections of the tape.  The heat tape is 
connected to a variable autotransformer in order to control the current flow which is 
adjusted until the desired temperature is maintained.  Temperature is monitored with a 
thermocouple placed between the tape and the metal sample cell surface and is assumed 
to be equal to the sample temperature due to the high thermal conductivity of steel. 
For gravimetric (IGA) analysis, a single sample can be tested at a time.  A 
conical-shaped stainless steel mesh is the sample pan and is suspended from a wire 
connected to the mass balance.  The instrument has a thermocouple immediately beside 
the sample pan without touching.  A stainless steel pressure vessel surrounds both, again 
without touching.  The vessel is sealed by compression on a copper gasket and an 
external heat source is attached to the outside of the vessel.  A vacuum is drawn on the 
chamber at a rate of 200 mbar/min.  Heat is supplied by an external furnace capable of up 
to 400°C, but the internal chamber temperature is below this due incomplete insulation 
and poor heat transfer at low vacuum.  The temperature is set by adjusting the furnace 
temperature and monitoring the internal temperature until it reaches within 5°C of the 
correct temperature.  The mass is directly monitored while heat and vacuum are 
maintained on the sample chamber, allowing for direct observation of completeness of 
activation. 
For breakthrough analysis, a single sample can be tested at a given time.  The 
sample cell is a straight-through run of ¼” SS316 tubing with VCR® fittings on the ends.  
At each step the total weight is recorded.  First, a glass wool plug is inserted, followed by 
pouring the sample into the cell and tapping the tube to promote settling.  Roughly 
100mg of sample is used to produce a 2cm long bed.  A second glass wool plug is 
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inserted in order to prevent sagging of the bed which does not require significant force.  
The cell is connected to the apparatus by gaskets with a sintered filter core, in order to 
prevent elutriation or blowout.  Once the apparatus is sealed, vacuum is applied to the 
sample cell using a bypass line connected to the vacuum system of the MS.  Vacuum is 
slowly achieved by gradually shutting the system exhaust valve.  Heat tape is wrapped 
around the tube with a thermocouple placed against the metal and power is controlled by 
a PID temperature controller. 
One major consideration for the breakthrough analysis is the configuration of the 
bed.  Since the apparatus necessitates a horizontal orientation, bed sagging can occur 
which leads to uneven flow through the bed or even a channel can develop.  The evidence 
of this is a disperse breakthrough curve, indicative of bulk mass transfer limitations.  
Also, low pressure drop would indicate the presence of this problem.  Neither of these 
factors were observed in this work, in fact the calibration and experiment curves were 
roughly parallel despite being far from plug flow. 
 
Software which is required to operate and/or analyze data obtained from a specific 
instrument is listed in the relevant portion in previous sections.  The list of non-
instrument specific software used to analyze data or prepare figures is Microsoft Excel, 
Microsoft Word, Microsoft PowerPoint, OriginPlot, Mercury, Matlab, and ChemSketch.  




Two primary isotherms were used to model the single-component isotherms.  The 




















where qsat is saturation capacity, b is adsorption affinity, and t is a fitting parameter for 
the Toth equation related to the adsorption interaction heterogeneity. 
These models are commonly used to fit a set of discrete data obtained from an 
isotherm measurement at various pressures and obtain a continuous equation.  The 
Langmuir model can fit most isotherms well, particularly for weakly adsorbing species 
such as N2 and CH4.  The Toth model is more accurate for adsorption systems with more 
heterogeneous interactions such as CO2.  The fit equations obtained from these models 
can be used to predict many other adsorption properties and further modelling. 
 
Heat of adsorption is an important factor for adsorption processes as the amount 
of heat required to drive adsorption and desorption during industrial scale cycles can be 
significant.  The adsorption process is an equilibrium process, therefore the Clausius-
Clapeyron equation (Eq. 2.10) can be utilized to determine the energy required for the 















where Q is enthalpy of adsorption, V is molar volume, P is pressure, and T is temperature. 






𝛥𝑉 = 𝑉𝑔𝑎𝑠 ∗ (1 −
𝑉𝑙𝑖𝑞
𝑉𝑔𝑎𝑠




   











where Vgas is gas molar volume, Vliq is liquid molar volume, and qst indicates the partial 
derivative is taken at constant loading (isosteric). 
This equation can be fit to a plot of lnP vs 1/T at various constant loadings, and 
the slope is directly related to Heat of Adsorption at that loading.  Isotherms measured at 
three separate temperatures are required, in order to determine a statistically relevant 
linear fit.  The difference in temperature required for accuracy is typically 20K between 
each isotherm (e.g. 298K, 318K, 338K), although a more precise instrument can allow for 
a smaller temperature steps.  In the case of using the IGA-001 instrument, three isotherms 
measured every 10K, beginning with 298K, were found to be sufficient. 
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The heat of adsorption obtained from this equation can be used to produce a more 
complete isotherm model.  Since adsorption is an equilibrium process, it can be modelled 
by an Arrhenius-type equation.  This effect of temperature is incorporated into the 


















where bo is adsorption affinity at reference temperature To. 
 
Ideal Adsorbed Solution Theory is a computationally easy method for prediction 
of mixture adsorption.  This method, derived by Myers and Prausnitz4, requires only 
pure-component isotherms of each gas at a single temperature in order to predict a 
multicomponent isotherm at the same temperature.  The details of the derivation will not 
be reproduced, but the assumptions and resulting system of equations will be discussed. 
The primary assumption is that the adsorbed phase behaves ideally, thus the name 
of the theory.  This assumption is hardly accurate in all systems, particularly in cases 
where one or both components have dipole moments, strong quadrupole moments, or the 
potential to hydrogen bond.  Examples where it often is a valid assumption are 
hydrocarbon mixtures, CH4/N2, or noble gases.  Although CO2 is not a perfect candidate 
for applying IAST, mixtures with CO2 can still be well predicted by IAST.  Water 
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adsorption is in nearly all cases impossible to accurately model using IAST due to the 
numerous non-idealities which occur as loading increases. 
For most cases, the seven equations can be reduced to three by assigning the 
system pressure (P) and the gas phase composition of both components (y1, y2).  In the 
case where y1+y2 < 1, the remaining fraction in the gas phase, comprised of Helium, was 
assumed to be completely inert and non-adsorbing, a reasonable assumption.  Thus the 
values to solve for are (Po*y1), (P
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where fn(t) is an isotherm equation, t is an arbitrary integration variable, P is the total 
system pressure, Po is the hypothetical pressure corresponding to the adsorbed phase 
mixture loading, yi is the gas phase fraction of component i, and xi is the adsorbed phase 
fraction of component i. 
When this system is solved, the total number of moles adsorbed at the condition 
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where ntotal is the total number of moles adsorbed and n1 and n2 are the number of moles 
adsorbed for components 1 and 2, respectively. 












where S1,2 is the adsorption selectivity for component 1 over component 2. 
Thus the resulting calculated values of [n1,n2] at specified [P,y1,y2] allows for 
fitting a multicomponent Langmuir equation (Eq. 2.21).  This equation can be utilized for 













where qi is the amount of component i adsorbed, Pi is the partial pressure for each gas 




The software used to model and predict breakthrough behavior of various 
materials was Mathematica.  This program was chosen for several reasons, including its 
immediate availability via student licensing, numerous example codes, and robust 
calculation packages.  By eliminating the need to implement and refine mathematical 
methods, the focus of the work could remain on engineering aspects of the modeled 
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TUNING THE ADSORPTION PROPERTIES OF UIO-66 VIA 
LIGAND SUBSTITUTION 
 
Parts of this work are taken from Cmarik, G. E., Kim, M., Cohen, S. M., & Walton, K. S. 
(2012). Tuning the adsorption properties of UiO-66 via ligand functionalization. 
Langmuir 2012, 28, 15606.  
 
Adsorption is an important separation process in numerous industrial applications.  
Two major applications are natural gas sweetening and carbon dioxide capture from flue 
gas.1  Solid adsorbents offer one of the most promising routes to energy efficient 
separations in these processes.  Several specific attributes are required when selecting an 
adsorbent for a separation process.  The adsorbent must be stable and reusable, possess 
high capacity and selectivity for the target molecule, and require minimal energy to 
regenerate. 
Hybrid organic-inorganic adsorbents, such as metal-organic frameworks, have 
been well studied for their adsorption properties with regard to CH4 and H2 storage as 
well as CO2 capture.
1-4  Many MOFs have exceptional properties including high 
adsorption capacity,5 selectivity,6 surface areas,7 and stability.8, 9  However, a number of 
concerns still exist surrounding MOF stability, and this has been the focus of several 
recent studies.10-12  An important feature of MOFs which offers a route to satisfying the 
adsorbent selection criteria is the modular nature of the organic linker.  One MOF which 
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has been successfully synthesized with many different functional groups, exhibits 
exceptional stability, and has good adsorption properties is UiO-66.13 
The UiO-66 family of microporous materials is based on a 3-D structure of 
zirconium-oxide clusters and carboxylate linkers.  UiO-66 is synthesized with benzene 
dicarboxylate (bdc-2), and many modified dicarboxylate linkers and even tetracarboxylate 
linkers have also been successfully used to synthesize functionalized versions of UiO-
66.14, 15  To date, experimental studies have reported the adsorption properties of the 
parent UiO-66 material16-18 as well as two functionalized variants,19 and a computational 
study has predicted a number of additional functionalized variants.18  Until now, no 
experimental study of the impact on the gas and water vapor adsorption properties caused 
by modulation of the functionalities has been done for the promising UiO-66 family of 
materials. 
Previous studies on the impact of functional groups on adsorption properties for 
other materials have been published.  Two comparable series of MOFs have been 
synthesized with a number of modified linkers in a similar manner to the UiO-66 
materials studied here: IRMOF20, 21 and DMOF.22-24  The published results indicate the 
most promising adsorption enhancements occur for certain polar functional groups; 
particularly amino, alkoxy, and nitro functional groups.20  The results also indicate 
improved hydrophobic character with addition of non-polar functional groups such as 
naphthyl functionalities.25, 26  Neither the IRMOF nor the DMOF series of materials are 
suitable for humid systems due to framework degradation11 whereas UiO-66 is stable.13 
In this work, we report the CO2, CH4, N2, and water vapor adsorption properties 
of UiO-66 and four functionalized variants of UiO-66 including a new material, UiO-66-
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2,5-(OMe)2.  Additionally, isosteric heats of adsorption are calculated for each of the pure 
component gases.  Amino, nitro, methoxy, and naphthyl functional groups were chosen to 
be representative of polar, basic and hydrophobic functionalities.  The results indicate 
that the polar functional groups improve CO2/CH4 and CO2/N2 selectivity with the amino 
group showing the best performance.  All of the materials are shown to be stable after 
water vapor exposure and adsorb water regardless of the nature of the organic linker. 
 
 
Zirconium(IV) chloride, terephthalic acid, 2-aminoterephthalic acid, 2-
nitroterephthalic acid, 1,4-naphthalenedicarboxylic acid, glacial acetic acid, methanol, 
and N,N-dimethylformamide were procured from commercial sources (Fisher and 
SigmaAldrich).  N,N-dimethylformamide was stored over 3A molecular sieves prior to 
use, and all other chemicals were used without modification.  2,5-Dimethoxyterephthalic 
acid was synthesized via Williamson etherification as previously reported.27 
 
Materials were synthesized following procedures previously reported.14  A 
modification of the procedure was used to produce UiO-66-2,5-(OMe)2, specifically, 600 
µL of glacial acetic acid was added to the reaction solution and the oven temperature was 
reduced to 110 °C. 
 
After synthesis was complete, the samples were transferred to centrifuge tubes. 
The sample powders were recovered by centrifugation and decanting.  Washing of the 
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powders consisted of soaking for 1 hour in 10 mL of fresh DMF followed by 
centrifugation 3 times.  Washed samples were solvent exchanged by soaking for 1 day in 
10 mL of methanol followed by centrifugation 3 times.  Solvent exchanged samples were 
dried under vacuum at 105 °C. 
 
Nitrogen adsorption isotherms were obtained at 77 K using a multi-port 
volumetric apparatus (Quadrasorb, Quantachrome).  Pure-component isotherms were 
measured in a gravimetric adsorption apparatus (IGA-1, Hiden Isochema) from 0 to 20 
bar at 25 °C and 0 to 3 bar at 25 °C, 35 °C and 45 °C.  Activation of the samples was 
conducted in situ at 110 °C and under vacuum.  The sample density of UiO-66-NH2 was 
experimentally determined to be 3.5 g/cc via helium displacement.  This density was used 
for each of the UiO-66 materials in the buoyancy correction of the adsorption isotherm.  
A density of 3.5 g/cc is significantly higher (~200%) than the estimated sample density of 
1.3 g/cc based on the volume and weight of an ideal unit cell of UiO-66-NH2.
18  The 
impact of this seemingly large difference on the resulting isotherm is the higher density 
will show a reduced uptake by less than 2% below 5 bar but up to 8% at 20 bar.  Water 
vapor isotherms were measured using a gravimetric adsorption apparatus (IGA-3, Hiden 
Isochema) in flowing mode at 1 bar and 25 °C with dry air as a carrier gas.  Brunnauer-
Emmett-Teller (BET) surface area calculations were conducted over a pressure range of 
0.007<p/po<0.035 which produces results consistent with the two criteria for accurate 
surface area determination put forth by Walton and Snurr.28 
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The gases used in the adsorption experiments are carbon dioxide, methane, 




Nitrogen adsorption at 77 K was used to determine the surface areas of the 
samples.  The results are presented in Table 3.1.  The BET surface areas for UiO-66, 
UiO-66-NH2, and UiO-66-NO2 are identical to or slightly higher than previously reported 
values.14  The BET surface area for UiO-66-1,4-Naph is higher than previously reported 
value of 615 m2/g.14  UiO-66-2,5-(OMe)2 would be expected to have similar or lower 
surface area than the nitro- and naphthyl-functionalized materials based on additional 
framework mass and linker size but instead the opposite result is observed.  This result 
may be attributed to the flexibility of the methoxy groups allowing additional nitrogen to 




Table 3.1.  BET Surface Areas of Functionalized UiO-66 Materials (m2/g) 
 
Sample BET Surface Areaα 
UiO-66 1105 ± 15 
UiO-66-NH2 1123 ± 64 
UiO-66-NO2 792 ± 27 
UiO-66-1,4-Naph 757 ± 9 
UiO-66-2,5-(OMe)2 868 ± 31 





As shown in Figure 3.1, the two major regimes of adsorption are plainly evident 
within the measured range of pressures for the entire series of UiO-66 materials.  At low 
pressures, the polar functionalities show a significant increase in uptake over the non-
polar groups.  Specifically, UiO-66-NH2 shows the highest uptake, followed by nearly 
identical low pressure uptake for the nitro and dimethoxy functionalities.  The lower 
uptakes of UiO-66-NO2 and UiO-66-2,5-(OMe)2 are attributed to reduced pore volume 










UiO-66 and UiO-66-1,4-Naph exhibit lower uptake at low pressures due to the 
nonpolar organic linkers.  The naphthyl functionality imparts greater molar mass, smaller 
pore volume, steric hindrance near the metal cluster, and no significantly stronger surface 
binding sites, thus leading to decreased adsorption performance at higher loadings versus 
UiO-66. 
In the high pressure regime, where pore volume effects become important and the 
favorable adsorption sites are occupied, the size of the functional group in the pore space 
becomes evident.  Each of the isotherms shows the characteristic plateau at high pressure.  
UiO-66-NO2 has the most apparent plateau, but the origin of this effect is not apparent as 














































this material has similar pore volume and surface area to the naphthyl- and methoxy-
functionalized materials.  UiO-66-2,5-(OMe)2 likewise shows the limitations of bulky 
functional groups, but the impact is not as severe as with the nitro group. 
 
An important factor in characterizing adsorbents for practical applications is the 
isosteric heat of adsorption.  Pure-component adsorption isotherms were obtained for 
each sample at 298 K, 308 K, and 318 K.  These isotherms were parameterized using the 













where P is equilibrium pressure, b is the adsorbent affinity, t describes the heterogeneity 











The isotherms were recalculated at specific CO2 loadings and the implicitly 
determined pressures were used in the Clausius-Clapeyron equation to calculate the 

























The isosteric heat of adsorption at low loading for UiO-66 is nearly identical to 
the predicted zero loading heat of adsorption at 27 kJ/mol.18  As loading increases, the 
calculated heat of adsorption drops from 26 to 24 kJ/mol, which is slightly below the 
previously reported experimental values which stay constant at 26 kJ/mol.16  This 













































difference is small and may be an artifact of the parameterization using the Toth model.  
As loading decreases, the heats of adsorption for UiO-66-NO2 and UiO-66-NH2 approach 
the predicted zero loading values.18  The heats of adsorption for the naphthyl- and 
methoxy-functionalized materials were not predicted as a part of the computational 
study.18 
For the four functionalized materials studied, the plot reveals a few important 
trends.  The first trend is that the heat of adsorption for all of the functionalized materials 
converges to 27 kJ/mol as loading increases.  This may be attributed to the constriction of 
pores due to the functional groups.  The second is that the bulky and polar functional 
groups show a high initial heat of adsorption and a steep drop as loading increases, which 
is indicative of the presence of strong adsorption sites. The non-polar naphthyl 
functionality has the lowest zero loading heat of adsorption and, surprisingly, shows an 
increase in heat of adsorption as loading increases.  This increase suggests the bulky and 
non-polar aromatic ring sterically hinders access to the stronger adsorption sites at the 
metal cluster. 
UiO-66-NH2 has a relatively flat isosteric heat of adsorption profile, which is a 
desirable feature for efficient adsorbent regeneration.  This is unlike the other two polar 
functionalized materials, where the bulky side groups create strong adsorption sites.  The 
great improvement in uptake and increase in heat of adsorption over UiO-66 can thus be 
attributed to the dipole moment of the amine group and the small functionality size which 
does not reduce the accessible surface area.  No chemisorption occurs with the mildly 
basic amine, which is evidenced by completely reversible isotherms and low heat of 




The methane isotherms in Figure 3.3 show a similar trend to CO2, in particular the 
smaller and more polar functional groups lead to an increase in CH4 uptake.  The amino, 
nitro and methoxy functionalities each show greater uptake over UiO-66 and UiO-66-1,4-
Naph at low pressures.  This observed trend seems to be a convolution of the surface area 
and functional group polarity.  The only exception seems to be UiO-66-NO2, which 
shows a notably higher uptake over the methoxy-functionalized material until high 
pressures.  This result is unlike the trend observed for CO2 and may be attributed to the 
large size of the nitro functional group. 
UiO-66-NH2 and UiO-66-NO2 show the highest uptake of CH4 at low pressures.  
The nitro- and methoxy-functionalized materials begin to show a plateau at higher 
pressures indicative of their smaller pore volumes, but the limited pressure range prevents 
direct observation of the saturation region. 
UiO-66 and UiO-66-NH2 show lower CH4 uptake than previously reported 
values.16, 18  Since the XRD patterns, BET surface areas, and CO2 adsorption isotherms 
are similar, the discrepancy may be attributed to the activation procedures.  In the work 
by Wiersum et al., activation of unfunctionalized UiO-66 was performed at 250 °C in 
order to remove residual terephthalic acid.16  However, all materials in this study were 
activated at 110 °C in order to reduce the risk of thermal degradation of functional 
groups.  The differing activation conditions may account for the disagreement between 
the adsorption isotherms, but it fails to account for the nearly identical BET surface areas 
and CO2 adsorption isotherms.  The results presented here seem to be quite self-
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For each methane isotherm, with the exception of UiO-66-NO2, the t parameter in 
the Toth model was fit to unity.  Therefore, the pure-component methane isotherms were 
fit to the Langmuir model given in equation 3.4, 






















































where the symbols used are the same as in the Toth model.  This change is not significant 
as methane is a weakly interacting adsorbate, and the isotherms can be well described by 
a homogenous adsorption surface model.  The same method employed previously was 
used to calculate the heat of adsorption as a function of CH4 loading.  Figure 3.4 shows 




Figure 3.4.  Isosteric heat of adsorption as a function of CH4 loading. 
 


















































The isosteric heats of adsorption for UiO-66, and UiO-66-NH2 at zero loading are 
almost identical to predicted values18 and results from microcalorimetry studies.16  The 
curvature of the plot for UiO-66-NO2 is inherent to the Toth model whereas the linear 
plots for the other are due to the use of the Langmuir model.  The fact that the Langmuir 
model fit well for each material indicates a relatively homogenous adsorption 
environment.  Also, the similar heat of adsorption between the polar and non-polar 
functionalities further confirms this assumption.  Therefore, the heat of adsorption should 
entirely depend on the strength of the dipole-dispersion and dispersion-dispersion 
interactions.  The trend would then be UiO-66-NO2≈UiO-66-2,5-(OMe)2>UiO-66-
NH2≈UiO-66-1,4-Naph>UiO-66, which is close to what is seen in Figure 3.4. 
 
Nitrogen is an excellent probe molecule for determining the structural properties 
of the materials without the effects of strong surface or chemical interactions.  High 
pressure isotherms were only measured for UiO-66 and UiO-66-NO2 due the nearly 
linear nature of the measured isotherms.  Since all of the N2 isotherms are expected to be 
linear, the remaining materials were only tested at low pressures for heat of adsorption 










The same trends of polarity and surface area are evident just as they were with 
CO2 and CH4.  The small, polar amino group has a higher uptake than the bulkier nitro 
and methoxy groups.  UiO-66 remains below the three polar functionalities but above the 
naphthyl functionality due to lower molar mass. 
 
The pure-component nitrogen isotherms were fit to the Langmuir model.  The 
same method employed previously was used to calculate the heat of adsorption as a 
function of CH4 loading.  The results of the calculations are shown in Figure 3.6. 
 











































As is seen in the plots for CO2 and CH4, the isosteric heat of adsorption for UiO-66 
is lowest at approximately 14 kJ/mol, and the functionalized materials are clustered higher 
at around 17 kJ/mol.  This increase can be attributed to the reduced pore size of the 
functionalized materials.  Beyond the initial observation that functionalizing the 
framework leads to an increase in the heat of adsorption, the trends are difficult to discern 
due to the low uptakes and thus small range of loadings over which the calculations are 
valid. 















































Selectivity is a fundamentally important issue for gas separation, and one method 
for determining ideal selectivity is calculating the ratio of the Henry’s constants for two 
gases.  Since Toth and Langmuir models were used to parameterize the measured 
adsorption isotherms for each material and each gas at 298K, 308K and 318K, calculation 
of the Henry’s constant is simply the product of adsorption affinity, b, and saturation 




 𝐻𝑖 = 𝑞𝑖




Table 3.2 shows the ratio of the Henry’s constants for each pure-component gas at 
each measured temperature.  The results show a much higher CO2/N2 selectivity for each 
material studied and a higher CO2/CH4 selectivity for the amino- and methoxy-






Table 3.2.  Selectivity at various temperatures as determined from a ratio of 
Henry’s constants 
 
 T (K) UiO-66 -1,4-Naph -NH2 -NO2 -2,5-(OMe)2 
CO2/CH4 298 10.1 6.5 17.0 12.3 18.0 
 308 7.5 7.3 18.3 10.3 14.2 
 318 6.4 5.7 13.0 8.2 13.1 
CO2/N2 298 37.5 30.0 66.5 51.4 62.2 
 308 27.7 33.1 61.5 42.2 52.3 
 318 21.9 23.9 43.0 31.7 39.7 
CH4/N2 298 3.7 4.6 3.9 4.2 3.5 
 308 3.7 4.6 3.4 4.1 3.7 
 318 3.4 4.2 3.3 3.9 3.0 
 
 
A more direct comparison of the effect of functional groups can be found in the 
isostructural family of DMOF-1, where the unfunctionalized materials shows a CO2/CH4 
selectivity of 3.730 and the hydroxyl-functionalized variant, known as USTA-25a, shows 
a selectivity of 12.5.31  In this case, the effect of addition of a small, polar functional 
group leads to a 3.5× increase in zero-loading selectivity, whereas for the UiO-66 
materials an increase of only 1.7× is observed.  One major difference between the two 
families of materials lies in the metal cluster of UiO-66.  The hydroxylated metal cluster 
perhaps plays a significant role in CO2 adsorption which leads to a smaller selectivity 
improvement upon functionalization of the organic linker in UiO-66.   
Another pair of materials, MIL-53(Al) and NH2-MIL-53(Al), show a CO2/CH4 
selectivity of 5 and 60 respectively,32 which is vastly higher than the increase for 
functionalization of UiO-66.  Comparison to this family of materials is less than ideal due 
to the structural transistions that occur in the MIL-53 materials leading to different pore 
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structures at zero-loading.33  In order to provide perspective on the selectivities reported 
herein, comparison to a number of known materials is given in Table 3.3. 
 
Table 3.3.  Selectivity of select reference materials at zero-loading and 298K. 
 
Material CO2/CH4 CO2/N2 
Zeolite 13X6 395 N/A 
Zeolite 5A30 256 240.56 
MgMOF-746 283 N/A 
Cu-BTC34 21 N/A 
MOF-530 15.53 17.48 
NH2-MIL-53(Al)
32 60 N/A 




 Figure 3.7 shows water adsorption isotherms at 298 K and reveals the 
hydrophilic and hydrophobic natures of the materials studied.  UiO-66 and UiO-66-NH2 
have been previously studied, while the three additional materials are presented for 
comparison.  All materials adsorb significant amounts of water regardless of the 
functionalities present.  With the exception of UiO-66-1,4-Naph, all of these materials 
show a hysteresis indicative of pore filling. 
UiO-66 is a hydrophilic material with an evident step in the isotherm indicative of 
pore condensation at 20% relative humidity.  UiO-66-NH2 and UiO-66-NO2 are both 
hydrophilic and show immediate adsorption of significant amounts of water at low 
relative humidity.  All three of these materials have similar isotherms, which can be 





Figure 3.7.  H2O vapor uptake versus Relative Humidity at 298K and 1 bar.  UiO-66 
isotherm provided for comparison.12 
 
 
UiO-66-1,4-Naph shows the most hydrophobic nature among the five materials 
but, unlike other naphthyl functionalized materials,25, 26 it adsorbs significant amounts of 
water.  One step change at 15% is evident, which is similar to all the functionalized 
materials and may be attributed to interactions with the metal cluster.  This material 
shows a very small hysteresis which indicates pore condensation is limited.  The 
unfunctionalized UiO-66 material shows similar water adsorption at low water vapor 
concentrations, but adsorbed large amounts of water above 20% relative humidity at the 
onset of pore filling.  This indicates the naphthyl ring inhibits pore condensation of water, 
but does not prevent water adsorption entirely. 






































UiO-66-2,5-(OMe)2 showed significant water uptake but no sharp step is evident 
in the isotherm which would indicate pore condensation.  Adsorption saturation occurs 
above 60% relative humidity, whereas complete pore filling is evident for the amino- and 
nitro-functionalized variants at 20% relative humidity.  As in the case of the naphthyl 
functionality, the methoxy functional group could inhibit water condensation within the 
pore. 
 
Each of the samples was tested for stability upon exposure to water vapor via a 
before and after PXRD comparison.  All samples show that structure is retained as 
evidenced in Figure 3.8.  In each case, the peak positions and the ratios of peak heights 
remain the same indicating no loss of crystallinity.  The crystalline structure of the 
frameworks clearly remain intact, although recent studies on this material show that 












UiO-66 can be synthesized with functionalized organic linkers and shows a wide 
variation in adsorption properties as a result of the different functional groups.  UiO-66 
and the amino-, nitro-, 1,4-naphthyl-, and 2,5-dimethoxy-functionalized versions of UiO-
66 were studied.  The results show that CO2, CH4, and N2 uptake are improved with 
addition of small, polar functional groups that do not significantly reduce surface area 
and pore volume.  The polar amino, nitro, and methoxy modifications show selectivity 
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 UiO-66-1,4-Naphthyl After Water Exposure
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improvements for CO2/CH4 and CO2/N2 over UiO-66.  The naphthyl functional group is 
shown to reduce water vapor adsorption and prevent pore filling, but the material is not 
truly hydrophobic. 
The isosteric heat of adsorption for CO2 at low loading varies significantly 
between the five materials, but each of the four functionalized materials converge to 
approximately 27 kJ/mol at higher loadings.  The isosteric heat of adsorption for UiO-66-
NH2 is roughly 28 kJ/mol at low loadings and decreases slightly as a function of loading 
whereas the nitro- and methoxy-functionalized materials have heats of adsorption around 
32 kJ/mol at low loadings with a rapid decrease as loading increases.  A smaller change 
in heat of adsorption as a function of loading is desirable in vacuum swing adsorption 
applications, which indicates that UiO-66-NH2 is the most promising material studied 
here for dry applications. 
The stability of each material on exposure to water vapor was confirmed with 
XRD.  Water vapor adsorption studies revealed that the amino- and nitro-functionalized 
materials readily adsorb water and saturate near 20% relative humidity.  The methoxy-
functionalized material also readily adsorbs water, but does not saturate until 
approximately 60%.  The naphthyl functionalized material did not show hydrophobic 
character as a significant amount of water was adsorbed, but pore filling did not occur.  
The good adsorption properties of the methoxy functionalized material and the inhibited 
water uptake indicates that alkoxy functional groups would be a good candidate for 
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Separation processes are critical to numerous industrial sectors and recently have 
become of great interest to the energy sector.  Two major separations of great importance 
are natural gas purification and carbon dioxide capture from flue gas.1, 2  Current methods 
of achieving flue gas separation are being implemented on pilot scales but have yet to 
reach goals in energy efficiency.3  A separation method which may yield energy efficient 
processes is adsorption, but no single adsorbent material has yet to be developed which 
can achieve this goal.  The desired properties of such an adsorbent are high selectivity 
and high capacity for the target gas, stability in the process stream, and a low energy 
requirement for regeneration. 
Hybrid organic-inorganic materials, such as Metal-Organic Frameworks (MOFs), 
are a promising and highly varied class of materials which have been studied for 
numerous applications.4-6  Among these applications are bulk separations,2 catalysis,7 and 
gas storage.8, 9  Various members of the chemically diverse families of MOFs have 
record-holding properties with regard to gas storage10 and surface area.11  One of the 
challenges to utilizing MOFs in applications is the lack of stability for many of the best-
performing materials.8, 12  Classification and prediction of MOF stability is the focus of 
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intense research and a few materials have already been shown to be stable under various 
aggressive conditions.  Among the most stable MOFs are the UiO-66 series of materials 
and a number MIL materials.13-17 
Breakthrough experiments are a common and highly relevant method for 
determining the dynamic adsorption properties of a material.18-20  Studies have been 
conducted on the breakthrough performance of MOFs.21-30  Generally, the results of a 
breakthrough study are used to determine adsorbent properties, such as adsorption rate, 
selectivity, and the eponymous breakthrough time.  These results are dependent on 
various features of the adsorbent and system on both micro and macro scales; thus 
experimental data is often used to validate a model which can be applied to different 
materials and systems. 
The goal of this study is to study a set of stable MOFs with representative pore 
features in order to extrapolate trends to guide future works.  This work entails 
breakthrough studies of five materials at four different gas compositions under dry 
conditions. The pore properties studied encompass polar and non-polar functionalities 
and the effect of pore size on the resulting breakthrough curves.  In order to match the 
small scale of synthesis batches, sample sizes are roughly 100mg.  The results indicate 
that, in the dry gas mixtures, both the amine and di-methyl functionalized UiO-66 
materials perform well.  Zeolite NaY continues to outperform all of the tested MOFs in 
these dry conditions.  Modeling of the breakthrough indicates that the MOFs perform 
slightly better than predictions from pure-component isotherms, perhaps indicating more 





The apparatus consists of an adsorbent bed packed in ¼” tubing, three MFCs, a 
four channel controller, a quadrupole MS, heat tape with a PID temperature controller, 
and gasket-sealed fittings.  A schematic is provided in Figure 4.1.  Gas flows are 
controlled remotely by switches on the controller, as the entire apparatus is contained 




Figure 4.1. Schematic of the instrument used in this study.  Flowrate capabilities are 





Standard sample preparation involves packing a bed of powdered adsorbent in a 























glass wool at each end, then the bed is gently compacted to prevent sagging.  It was noted 
that an overly compacted bed causes a problematic pressure drop.  Once the bed was 
prepared, the bed section was connected to the apparatus using VCR® gaskets with fritted 
filters, in order to prevent blowout.  No elutriation was noted on these filters afterwards 
nor had the bed shifted.  Sample information is provided in Table 4.1. 
 
Table 4.1.  Mass, synthesis method, activation temperature (AT), and surface area 
for each sample 
 




BET Surface Area 
(m2/g) 
Zeolite NaY (1) 104.9 Purchasedα 200 920 
Zeolite NaY (2) 99.2 - 200 - 
UiO-66 95.3 Reported31 200 1230 
UiO-66-NH2 (1) 87.3 Reported
31 150 1100 
UiO-66-NH2 (2) 88.6 - 150 - 
UiO-66-DM (1) 99.5 Reported32 200 685 
UiO-66-DM (2) 47.6 - 200 775 
NH2-MIL-101(Al) 94.3 Reported
14 150 1440 




Both samples of zeolite NaY and of UiO-66-NH2 were from the same source 
batch, while the samples of UiO-66-DM were from different batches.  The samples were 
verified for porosity by N2 adsorption at 77K and BET surface area was calculated in a 
relative pressure range of 0.005 < P/Po < 0.03. 
Sample activation was conducted in situ.  Temperature control was achieved by 
wrapping the length of the tubing containing the sample with heat tape and insulation.  A 
thermocouple was placed in contact with the tubing containing the sample and a PID 
controller was used to maintain temperature.  For the duration, helium was passed 
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through the system at 35 sccm, which was determined to be 25% greater than the rate 
required to prevent backflow into the system.  After 14 hours, temperature was reduced to 
25°C and the system was prepared for measurement of the various gas mixtures. 
 
Standard procedure consists first of priming the turbomolecular vacuum for 15 
minutes with the gas mixture to be used in the experiment.  This step is necessary as the 
pump is operating at a faster speed due to the overnight helium purge.  Once the 
experiment gases enter the MS and vacuum system, the vacuum pumping rate decreases, 
which leads to a decreasing signal from the MS.  The priming is used to ensure the first 
measurement begins at the same state as all subsequent measurements.  Once the priming 
is complete, pure helium is again passed through the bed for 120 minutes in order to 
reactivate the material from any physisorbed gases.  This amount of time was chosen as it 
is 30 minutes beyond the time when no detectable experiment gases can be measured in 
the MS. 
Experiments were conducted in a similar manner to the priming and purging 
cycle.  The system is initially pure helium flowing at 35 sccm.  The MFCs are switched 
to the experiment flowrates and data is recorded for at least 20 minutes.  The cycle was 
completed by repeating the purge step as previously described.  All experiments were 
conducted twice, consecutively, unless apparent abnormalities indicated further 




Table 4.2. Compositions (%) and flowrates (sccm) of adsorbing species and helium 
carrier in the various experiments in this study 
 
Experiment CO2 N2 CH4 He  
% sccm % sccm % sccm sccm 
CO2:N2 (1)  10 3.5 90 31.5 - - 0 
 (2)  15 5.3 85 29.7 - - 0 
CO2:CH4 (1)  50 7.0 - - 50 7.0 35 
 (2)  33 7.0 - - 67 14.0 35 
CO2 Pure 100 7.0 - - - - 35 





The primary calculations for this work are based on the time elapsed until 5% of 
maximum signal is measured at the MS.  The obtained data (C/Co) is normalized to a 0-
to-100 scale and the time for C/Co = 5 is obtained by interpolation.  As the calibration 
and experimental curve are very nearly parallel, this approximation is reasonable for 
determining dynamic capacity. 
 
A model was built to verify the experimental breakthrough times.  First, a multi-
component Langmuir isotherm was calculated from Ideal Adsorbed Solution Theory 
(IAST).33  Then, the mass and energy balances for the bed were numerically solved with 
the automatic method for NDSolve in Mathematica.  The mass balance for each 
component is modeled by a convection-diffusion-adsorption equation.  The gas velocity 
and overall mass balance were assumed to be at steady-state and were determined from a 
linear pressure drop through the bed.  Upstream pressure was measured at the MFC for 
each sample at 35 sccm and the outlet pressure was assumed to be 1 bar.  The energy 
balance was modeled by an equation with convective, conductive, and dispersive terms as 
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well as a source term based on the heat of adsorption.  The effect of temperature on 
adsorption was modeled via temperature-dependent adsorption affinity parameters for the 
two gases in the multi-component Langmuir isotherm.  In order to model the step change 
for gas concentration at the inlet, error functions were fit to obtain a match between the 
calibration data and a variation of the model without an adsorption term.  The equations 
and parameters are provided in detail in Eqs. A.4-A.20 and Tables A.1-A.3 (Appendix 
A). 
Quantitative agreement was not obtained as it is not the primary focus of this 
work and attempting to match the anomalies of the instrument and subsequent required 
vacuum corrections would be prohibitive.  Also, these discrepancies are most noticeable 
at the tail of the breakthrough curve, which is not an essential segment of data for this 
study. 
The value of such a model is the ability to determine if unmeasured properties of 
the bed, such as mass transfer rates and heat dissipation, are controlling the results.  The 
change in gas composition at the bed inlet was modelled by an error function which was 
matched to the calibration curve for each experimental composition.  The model 
parameters were adjusted to fit the properties and breakthrough time of the zeolite NaY 
standard.  The model was adapted to the MOF samples by replacing the adsorption 
properties and sample properties while retaining the other parameters. 
 
Four MOFs as well as a commonly used zeolite material were studied.  All gas 
mixtures are dry and were chosen to encompass a range of relevant concentrations for 
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observing material property trends.  The materials chosen are: (1) UiO-66, a well-studied 
and robust material which can be used as a reference for functionalized UiO-66 materials, 
(2) UiO-66-NH2, a material with enhanced adsorption of polar molecules in comparison 
to UiO-66, (3) UiO-66-DM, a di-methyl functionalized material with good CO2 uptake 
and selectivity as well as partial hydrophobic character, (4) NH2-MIL-101(Al), a stable 
MOF with large pores, amino functionalities, and open-metal sites, and (5) Zeolite NaY, 
a well-studied reference material.  These pore features were chosen to discern their 
relative effects on breakthrough time in various CO2/N2 and CO2/CH4 gas mixtures. 
 
The time required for 5% breakthrough was used to calculate the dynamic 
capacity for each material and gas composition.  For comparison, Ideal Adsorbed 
Solution Theory (IAST) was applied at the equilibrium concentrations of each gas to 
predict mixture adsorption and the pure-component isotherms were used for single-
component gas adsorption from a helium carrier stream.  The dynamic capacities for CO2 
from CO2/N2 mixtures and pure CO2 in a helium carrier stream compared with estimated 
capacities are shown in Figure 4.2.  As the flowrate of N2 is significantly higher than 





Figure 4.2.  Dynamic capacity with IAST estimates and estimated errors for CO2 from 
CO2:N2 mixtures and for CO2 in helium carrier.  Diamonds are estimated uptake values at 
the bed conditions based on IAST.  Circles are calculated uptakes from pure-component 





As can be seen in Figure 4.2, the dynamic capacities calculated for CO2 are in 
agreement with IAST predictions.  The exception is UiO-66-DM, which outperforms 
predictions by a notable margin.  This discrepancy may be attributed to missing linker 
defects as it has been shown that the adsorption properties of UiO-66 materials can vary 
while maintaining crystal structure and stability.34, 35  As has been observed in other 
members of the UiO-66 series of materials, determination of sample quality via BET 




















































commonly found in UiO-66 lead to higher BET surface areas but lower CO2 adsorption at 
low pressures. 
What can be discerned from these results is that, in the dry conditions tested, 
zeolite NaY still remains a significantly better option for adsorptive separation of CO2 
from N2.  Among the MOFs tested, UiO-66-NH2 possesses the longest, weight-
normalized breakthrough time for CO2 and UiO-66-DM is a close second.  This is an 
interesting result in that the non-polar functionalities in UiO-66-DM produce a material 
that performs similarly to UiO-66-NH2 at the low partial pressures in these experiments, a 
results consistent with previous works.32, 36  Since UiO-66-DM shows a water adsorption 
isotherm without an apparent step, a feature indicative of pore filling, this material may 
retain some CO2 adsorption capacity in the presence of water vapor. 
The same calculations were applied to determine dynamic capacities for CO2 
from CO2:CH4 mixtures and for pure CH4 in a helium carrier.  The results are presented 
in Figure 4.3.  The measured breakthrough for the CO2:CH4 mixtures can be separated 
into different situations.  First, both gas fronts reach the bed simultaneously for the 
equimolar mixture, with results similar to IAST predictions.  Second, methane saturates 
the bed in the 33%:67% CO2:CH4 mixture and shows the effects of adsorbed methane on 
CO2 adsorption.  A third composition was measured, 67%:33% CO2:CH4, but the 
methane breakthrough curves were too diffuse due to the low flowrate and the 5% 






Figure 4.3.  Dynamic capacity with IAST estimates and estimated errors for CO2 from 
CO2:CH4 mixtures and for CH4 in helium carrier.  Diamonds are estimated uptake values 
at the bed conditions based on IAST.  Circles are calculated uptakes from pure-
component isotherms.  Error bars are calculated from sampling rate, mass of adsorbent, 




For CO2 dynamic capacity, zeolite NaY and UiO-66-NH2 do not perform as well 
as expected from IAST predictions but the resulting calculated selectivities for zeolite 
NaY are in good agreement with previously published results.37  With regard to the four 
MOFs tested, the results clearly show UiO-66-NH2 and UiO-66-DM outperforming 
unfunctionalized UiO-66 and large pore NH2-MIL-101(Al).  The CH4 capacities for all 
five materials are close to expectations and the trend indicates that the adsorption is more 


























































The CO2 dynamic capacity of UiO-66-NH2 and UiO-66-DM is nearly identical, a 
result which does not exactly fit the conventional thinking of “like-adsorbs-like.”  When 
compared to the unfunctionalized parent material, the expectation would be for a small, 
polar functional group to enhance selectivity for CO2 over CH4, whereas the non-polar 
methyl functional groups would reduce selectivity, but the opposite is observed.  The 
result measured here agrees with results found elsewhere that methyl functionalities can 
significantly enhance CO2 selectivity over other gases when the pore structure is properly 
shaped.36  The methyl groups enhance the interactions of a CO2 molecule at corner 
adsorption sites by providing a partial positive charge for electrostatic interactions with 
the oxygen atoms of CO2.  In situations where such corner adsorption sites are not 
accessible to CO2, the methyl groups would likely not provide any significant benefit or 
even prove to be detrimental to selectivity for CO2 due to the increased dispersive 
interactions with all gas molecules. 
Finally, the dynamic capacities were calculated in the same manner as previously 
used for N2 from CO2:N2 mixtures and for CH4 from CO2:CH4 mixtures are presented in 
Figure 4.4.  As the breakthrough time for N2 is very fast, statistically significant dynamic 
capacity could not be used for selectivity calculations. 
As can be seen in the plots, the bed size and instrument sensitivity were not 
capable of accurately discerning the dynamic capacity of N2, thus no trends can be 
revealed.  The resulting CH4 dynamic capacities are well above IAST predictions, as 
reasonable result for a dynamic adsorption experiment.  When the capacities were used 
for selectivity estimates, the results for the zeolite standard are similar to published 
values.37  This indicates the measurements are more likely accurate than IAST 
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predictions under dynamic conditions.  The trends indicate that a material possessing 





Figure 4.4.  Dynamic capacity with IAST estimates and estimated errors for CH4 from 
CO2:CH4 mixtures and for N2 from CO2:N2 mixtures.  Diamonds are estimated uptake 
values at the bed conditions based on IAST.  Error bars are calculated from rate of 





Selectivity for each sample and gas composition was calculated according to Eq. 
4.1.  The results of the calculations are shown in Table 4.3.  Due to uncertainty with the 
































































calculated from the measurements.  For the CO2:CH4 mixtures, IAST selectivity 
predictions exceed calculated values for each sample.  This is expected as dynamic 
selectivity will be less than predictions at equilibrium due to diffusion limitations.  
Additionally, CO2 does not behave ideally in the adsorbed phase, thus IAST calculations 










Table 4.3.  Selectivity (S1,2) calculated from dynamic capacity for CO2 (1) over CH4 
(2) compared with IAST predictions  
 
S1,2 CO2:CH4 Zeolite NaY UiO-66 UiO-66-NH2 UiO-66-DM NH2-MIL-101(Al) 
IAST 50:50 74.6 6.2 10.9 5.3 11.5 
 33:67 74.3 6.2 10.9 5.3 11.5 
Expt. 50:50 2.9  (3.7)37 1.3 3.1 3.5 2.3 




UiO-66-DM shows the highest selectivity and is within error of the IAST value.  
This sample had shown better uptake of CO2 and CH4 than previous reports, therefore 
this unexpected result may not be erroneous but instead warrant further study.  Each of 
the samples were predicted to have selectivity relatively invariant of the mixture 
concentrations tested here, but showed a higher CO2 selectivity as its composition 
fraction decreased.  This can be attributed to the diffusion rate of the two gases, where 
CH4 will break through the bed before significant adsorption occurs, leading the 




A breakthrough model was built as previously described.  The bed parameters 
were matched to the known properties of zeolite NaY, which was used as a standard and 
are given in Table A.21 through Table A.23 (Appendix A).  Mass transfer and heat 
dissipation were determined to be fast and a minor factor for the breakthrough times and 
curve shapes.  The model predicts significant sharpening for some samples, but only 
slight sharpening is observed in the experiments.  A possible reason for a lack of 
observed sharpening is inherent to the instrument and compounded by the corrections 
applied to the data.  The model could not match both breakthrough times and curve 
shapes. 
All of the simulated breakthrough curves with corresponding experimental and 
calibration data can be found in Figure A.19. through Figure A.23. (Appendix A).  In 
Figure 4.5, the results of the 15:85 CO2:N2 breakthrough simulations are shown with 
corresponding calibrations and experimental data. 
When this model was translated to the MOF samples, the predicted breakthrough 
times are slightly earlier than experimental values.  Perhaps the reason for this 
discrepancy is that an isotherm model which was fit to data over a wide pressure range 
does not predict enough gas uptake at the low partial pressures of this experiment.  
Alternatively, the UiO-66 series of MOFs may have a stronger adsorption affinity at these 
low partial pressures that wasn’t directly observed in pure-component measurements and 
the subsequently fit isotherms. 
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Figure 4.5.  Lines with symbols are simulation results, lines without symbols are 
experimental results.  Calibration from experiment and simulation for each gas is in black 
and is immediately prior to the corresponding adsorption result.  Temperature rise (K) 
uses the same axis values.  






























































































































































































































A micro-scale breakthrough experiment on a series of representative MOFs with 
dry CO2:CH4 and CO2:N2 mixtures was conducted.  The results indicate that, among the 
stable MOFs tested here, UiO-66-NH2 performs the best for gas separation.  UiO-66-DM, 
a partially hydrophobic material, performs nearly as well and may be a good candidate 
for further study under humid conditions.  Although NH2-MIL-101(Al) possesses open-
metal sites and amine functionalities, the large pore size and low density of adsorption 
sites significantly reduce its separation capability via reduced adsorption capacity and 
selectivity. 
The results were used to calculate dynamic selectivities, which were significantly 
lower than the predicted values from IAST calculations but were in agreement with 
reported values for zeolite NaY.  This indicates that values and trends from IAST 
predictions are not directly translatable to dynamic experiments.  The results were also 
compared to a simple breakthrough simulation, which matched qualitatively.  The 
simulation maintained good agreement across all samples, but predicted shorter 
breakthrough times than was experimentally observed for the two best performing MOF 
samples. 
This type of experiment is promising, particularly due to the small sample size.  
Addition of a humidification system and a thermocouple in contact with the bed will 
improve the relevance of the results to real-world applications.  Also, analysis of 
desorption data can provide more information about the equally important regeneration 
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DESIGN OF OPTIMAL MOFS FOR CARBON CAPTURE 
 
 
Energy efficient separation of carbon dioxide from flue gas and natural gas is a 
major research and engineering challenge facing today’s society.1-8  Carbon dioxide 
capture from flue gas is the focus of intense research due to its long-term potential to 
disrupt environmental and economic activities via global warming.9  Additionally, low 
quality natural gas reservoirs could become economically viable with better gas 
separation systems,10 thus providing fuel for power systems with inherently lower carbon 
dioxide emissions than coal.  Ultimately, the advancement of carbon dioxide separation 
technology can reduce the severity of the major anthropogenic contributor to global 
warming and improve the feasibility of a long-term transition to clean energy sources. 
Economically viable carbon dioxide capture from large point sources, particularly 
coal fired power plants, is a major challenge facing researchers and engineers.1, 2, 11  The 
key factors that define this type of system are the low concentration of CO2, large 
volumetric flowrate, and presence of several contaminants, most notably water vapor.12  
The current method to perform this separation is based on an absorption and stripping 
process with aqueous amine solutions, a mature technology often used in natural gas 
sweetening.13-15  The energy intensive process would increase the cost of electricity by 
80% which necessitates improved technology.16  An alternative separation method with 
the potential for a smaller energy penalty is adsorption. 
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Adsorption technology is a well-established and rapidly growing field for both 
engineers and material scientists.3  Adsorption development consists of two closely 
linked components, process optimization and material design.  On the process side, 
vacuum and/or temperature swing adsorption cycles would be best suited for retrofitting 
to existing power plants.17  Currently, the adsorption cycle is optimized to best suit the 
selected material, the most important of which are activated carbons, silicas, and zeolites.  
In order to capture carbon dioxide with a smaller energy penalty, materials with optimally 
tuned adsorbent properties are needed.  A major challenge facing optimal adsorbent 
design is retention of performance and selectivity in the presence of water vapor.  Metal-
Organic Frameworks (MOFs), a relatively new class of materials, show great promise as 
tunable adsorbents for carbon dioxide capture.1 
The goal of this perspective is to provide a summary and outlook on the design of 
MOFs as optimal carbon dioxide adsorbents.  Particular attention will be given to the 
conditions for vacuum swing adsorption as it may be the most energy efficient method.  
Other methods for separation of humid flue gas are well covered by previous works18, 19 
or better suited to other materials.17  This work will first briefly review the adsorption 
mechanism, the relevant gas molecules, and the properties of flue gas.  Next, a review of 
current adsorbents and the important factors for developing an optimal adsorbent will be 
covered.  These factors are adsorbent utilization, cost, stability, and optimal isotherm 
shape.  By considering the Toth equation, the pore features which produce an optimal 
isotherm will be described.  Combining these factors, a number of promising MOF 
materials will be discussed for their potential.  Finally, an outlook on the optimization of 




Adsorption is the process of fluid molecules reversibly depositing on or reacting 
with a solid surface.20-22  The adsorption process is energetically favorable, which results 
in higher concentrations of the molecules of the fluid near the solid surface.  Gas 
adsorption can be classified into two primary modes: chemical and physical.  Chemical 
adsorption (chemisorption) is characterized by the formation of chemical bonds between 
the adsorbate molecule and surface functionalities on the adsorbent.  Physical adsorption 
(physisorption) is characterized by electrostatic and dispersive interactions between the 
adsorbate molecule and the adsorbent surface. 
Chemical adsorbents capture gas molecules primarily by reversible reactions, 
such as the reaction between acidic carbon dioxide molecules and basic amines or basic 
minerals.  Capture of carbon dioxide with chemisorbents is typically highly selective and 
highly exothermic with high total uptake.  The downside is that these materials often 
require significant energy to regenerate and lose capacity upon recycling.  Supported-
amine sorbents are viable materials for post-combustion capture and air capture, while 
mineral sorbents are usually considered for pre-combustion or chemical looping 
systems.2, 6 
Physical adsorbents capture gas molecules based on favorable electrostatic and 
dispersive forces at the pore surface.  Higher specific surface area typically correlates to 
higher total adsorbed amounts due to more available adsorption sites per mass of 
adsorbent, assuming similar adsorbent density and pore surface interactions.  Stronger 
adsorption sites can be generated by a combination of polar functional groups, 
electrostatic charges, and pore shape, which leads to greater adsorption at low pressures.  
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Zeolites, and activated carbons are currently the most important physisorbents for gas 
separations with MOFs recently becoming available on a commercial scale.23 
Selective adsorption is possible due to differing interaction potentials between the 
pore surface and different gases.  High selectivity and high uptake are the most desired 
properties of a physisorbent, but are often found to vary inversely to each other due to 
physical limitations.  The major methods for improving physisorbents are increase the 
interaction potentials via surface functionalization or increase the specific surface areas in 
order to provide more adsorption sites.  Alternatively, systems can operate in a kinetic 
regime where differences in the diffusion rates of each gas into the pores allow for 
dynamic separation, a situation often encountered with molecular sieves.  Kinetic 
separations are difficult to successfully apply to carbon capture due to limited material 
utilization at high flowrates. 
The major adsorbing components in flue gas are water vapor, N2, and CO2, 
whereas in natural gas the major components are CH4, N2, and CO2.  The most relevant 
properties of these and other gases are listed in Table 5.1.  Physisorbed molecules are 
well-known to have approximately liquid phase properties,24 thus at temperatures near 
and above the critical temperature, molecules act more ideal in the adsorbed phase.  This 
allows for fairly accurate predictions for equilibrium mixture adsorption via Ideal 
Adsorbed Solution Theory (IAST),25 a computationally easy method.  IAST is not 
particularly accurate for dynamic adsorption and predictions begin to deviate with more 
non-ideal adsorbates.  Kinetic diameter describes the approximate pore size through 
which gas molecules can readily diffuse, an essential value for molecular sieves.  The 
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other values describe how much pore space an adsorbed molecule occupies as well as the 
relative strength of dispersive and polar interactions. 
Some of these molecules can interact further with adsorption sites to irreversibly 
adsorb via chemical reactions, particularly SOx and NOx, but this has been previously 
reviewed.6  SOx, NOx, and CO are currently scrubbed from flue gas by either wet or dry 
methods which affect downstream water content.12  The direct impact of these 
contaminants on CO2 adsorption has been reported in several works.
26-29  A general 
ranking for gas molecule adsorption strength at coordinatively-unsaturated sites (CUS) 
was predicted to be NH3>H2O>H2S>SO2>CO∼CO2∼NOx> N2>O2 with occasional 
exceptions.29, 30 
Carbon dioxide is a linear molecule with no dipole moment but a significant 
quadrupole moment, alternating partial positive and negative charges, and unsaturated 
bonds.  The alternating partial charges have been found to lead to either attractive or 
repulsive interactions with pore functionalities depending on the accessible orientations32 
and can be exploited by periodic pore functionalities for improved adsorption, as 
suggested by Kitagawa and Matsuda.33  The strongest physical adsorption interactions 
have been found to be between the free orbitals of the oxygen atoms and exposed metal 
ions.34  CO2 can form carbonate and bicarbonate species with exposed metal ions, 


























31 0 43.0 29.1 Linear 304 
N2 3.64
31 0 15.2 17.4 Linear 126 
H2O 2.64
31 18.5 - 14.5 Bent 647 
CH4 3.76
31 0 - 25.9 Tetrahedral 191 
O2 3.47 0 3.9 15.8 Linear 155 
CO 3.69 1.10 25.0 19.5 Linear 133 
NO2 N/A
α 3.16 - 30.2 Bent 431 
NO 3.49 1.59 - 17.0 Linear 180 
SO2 4.11 16.3 - 37.2 Bent 431 
H2S 3.62 9.78 - 37.8 Bent 373 




Water is the major competitive adsorbate in flue gas separations.  It a small 
molecule with a strong dipole moment and interacts strongly with exposed metal ions, 
typically displacing other adsorbates.  Water molecules can form clusters via hydrogen 
bonds, leading to pore condensation and exclusion of other adsorbates in many situations.  
Hydrophilic adsorbents are generally those which have Type 1 or Type 2 isotherms for 
water vapor and the pore surfaces have exposed cations or polar functionalities which can 
form hydrogen bonds with a water molecule.  Adsorbents with pore surfaces devoid of 
those types of sites are generally hydrophobic and typically show “s-shaped” Type 5 
isotherms. 
Methane and nitrogen adsorb weakly, adsorbed phase interactions are nearly 
ideal, and mixture selectivity is well described by IAST.25  Due to larger kinetic 
98 
 
diameters, either molecule can be excluded from molecular sieves during CO2 
separations. 
For CO2 capture from flue gas, it is generally assumed that there are SOx and NOx 
pretreatment steps, which increase the water content of the stream, and pressure is 
supplied only by the furnace blowers.  Another pretreatment step which could 
beneficially impact adsorption capture is direct water cooling.  Hasan et al. stated35 “the 
advantage is that this reduces the moisture content to 5.5%, which is the composition of 
H2O in a saturated flue gas at 35 °C, irrespective of the initial moisture content.”  
Simultaneously reducing the total quantity of water vapor and the temperature can greatly 
enhance the overall efficiency of a packed bed for any kind of adsorbent.  Table 5.2 
provides the ranges of operating parameters of most interest to the various adsorption 
cycles currently in use.  The composition and conditions for flue gas separation are listed 
in Table 5.3. 
 
Table 5.2. Operating Temperatures and Pressures for proposed carbon capture 
adsorption cycles 
 
Method TSA PSA VSA VPSA 
Adsorption Pressure Range (atm) 1.0-1.1 >5 1.0-1.2 >2 
Partial Pressure CO2 (atm) 0.15-0.20 >0.5 0.15-0.20 >0.3 
Desorption Pressure Range (atm) 1.0-1.1 1.0-1.1 <0.05 <0.05 
Adsorption Temperature (°C ) 45a-80b 35c-80b 35c-80b 35c-80b 
Desorption Temperature (°C ) 110 a-175d 40-55e 40-55e 40-55e 
a: Plant scale test36  
b: After flue gas treatment12 
c: After direct water cooling35 
d: Max temperature for supported amine sorbent17  





Table 5.3. Typical flue gas composition12 
 
Component Coala Coalb 
N2 80% 80% 
CO2 14.5% 14.5% 
H2O 5-14% 5.5% (saturation) 
SOx <70 ppm <70 ppm 
NOx <100 ppm <100 ppm 
Pressure (bar) 1 1 
CO2 Partial Pressure (bar) 0.15 0.15 
Temperature (°C) 40-80 35 
a: After NOx, SOx removal, varies with dry or wet methods.   





As can be seen in Table 5.3, the pressure and temperature ranges are markedly 
different for the various choices of adsorption cycles.  When the system pressure and/or 
temperature swings, the equilibrium between adsorbed and gas phases shifts to 
compensate.  This leads to the aptly named cycles: pressure swing adsorption (PSA) and 
temperature swing adsorption (TSA).  Vacuum swing adsorption (VSA) is a common 
variation of PSA.  Also, hybrid variations of these cycles exist.  Control of the pressure 
and temperature swings allows for controlled capture and release of target gas molecules.  
The goal of an implemented adsorption cycle is to capture 90% of the CO2 from flue 
gas37 and generate a product stream at 95% purity for pipeline transport.38  
For the properties of flue gas, TSA and VSA are often considered the best 
choices, as compression of the large flowrates required for PSA would be uneconomical.  
TSA can utilize waste heat for operation leading to lower energy costs but requires a hot, 
diluting purge gas to drive the desorption process.39, 40  VSA is competitive due to high 
recovery and the high purity of the extract product achievable at large scales as well as 
doubling as a dehydration process.41  The main drawbacks to standard VSA systems are 
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high energy cost of mechanical vacuum pumps, poor thermal control in packed beds, and 
complex predictive modeling.42  The major challenge remains sufficient adsorption and 
desorption of CO2 from the hot, dilute, large volumetric flow in the presence of water 
vapor.  The detrimental impact of water vapor on PSA/VSA performance has only been 
studied experimentally in a few instances, with the results indicating a reduced bed 
capacity and higher pressures during evacuation.43-46  Optimized adsorbents for humid 
VSA systems will be the primary focus for the remainder of this work as the simplicity 












Two important aspects of adsorbent optimization are utilization and adsorption 
rate.  Pelletized sorbents in packed beds operating in VSA and/or TSA cycles are the 
industry standard for adsorptive separation systems due to simplicity and reliability.  
Design of a packed bed involves optimization of pressure drop as a function of feed 
pressure, flowrate, and particle size.  Particle size is inversely related to adsorption rate, a 
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standard mass transport problem.  In order to maintain fast adsorption without excessive 
pressure drops in the bed, engineered sorbents need to be considered. 
Engineered adsorbents, such as hollow fiber sorbents47 or monolithic supports,48 
can allow for better thermal control as well as enable effective rapid adsorption cycling 
due to thinner diffusion lengths and lower pressure drops.49  Rezaei and Webley proposed 
an optimal adsorbent pore geometry for fast-cycle VSA systems to have 45% mesopores 
and as many adsorbate-sized micropores as possible.50  This arrangement would 
maximize mass transfer rates for the short timescales of rapid PSA (RPSA) cycles.  
RPSA cycles would reduce the required amount of adsorbent by increasing the 
throughput of a given bed when compared to standard VSA cycles which require 
significant periods of time for equilibration. 
Improved thermal control allows for better adsorbent utilization in structured 
adsorbents51 and ultimately reduced operating cost.52  A review by Rezaei and Webley 
covers the most important benefits and drawbacks of structured adsorbents over packed 
beds.53  MOFs are especially suited for supported adsorbents because crystals can be 
grown with high density directly on various support materials.54  Since the crystals are 
grown directly on the material, attrition and flaking problems may be reduced in 
comparison to applying adsorbent as a coating.  Additionally, rapid adsorption cycles can 
be more fully utilized using structured adsorbents.55 
 
Coordination chemistry is essential to understanding MOF stability and possible 
structures.  One of the more apt pseudonyms for MOFs is Porous Coordination Polymers 
(PCPs).  The review by Cook et al. provides an excellent foundation for understanding 
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coordination chemistry in MOFs.56  Some of the key concepts are ligand exchange rates, 
bond energies, connectivity, and coordination modes.57  Ligand exchange rates indicate 
the kinetic stability of metal-ligand bonds in the presence of other molecules, especially 
water.58  This shows that Al+3 and Cr+3 are among the most stable choices outside of 
noble metals.  Bond energy comparisons can indicate whether the metal-ligand bonds 
and/or the metal SBU will be thermodynamically stable to substitution reactions over 
relatively long time periods, such as is the case for ZIF stability to water.  Higher 
connectivity and/or coordination numbers for an SBU are also correlated to higher 
stability due to steric effects.59 
Thermodynamic stability is an important consideration for long term stability if 
the material is immersed in a fluid for extended periods of time or at high temperature.  
Low et al. tested the stability of several representative MOFs on exposure to steam at 
various temperatures and concentrations, showing that even highly stable MOFs are 
susceptible to hydrolysis.60  In this same study, a simple comparison between the energy 
of the MOF and decomposition products has shown most MOFs to be thermodynamically 
unstable.  Schoenecker et al. tested the equilibrium adsorption of water for several 
representative MOFs and showed a loss of porosity and structure in materials previously 
noted to be stable.59  In certain instances, a MOF can be stable to two separate 
components but degrade in the mixture, such as was shown with water and air for 
(Mg)MOF-74.60-63  It has been shown that post-synthetic modification of the SBU can 
significantly improve stability, as was shown with Ni-substituted MOF-564 and 
(Mg)MOF-74.65  Further study shows only 10% metal substitution is necessary to 
enhance material stability.66 
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Due to the need to reuse adsorbent in order to economically separate CO2, many 
studies have attempted to develop a simple prediction method for MOF stability.  Among 
the results is an indication that either thermodynamic or kinetic factors can be dominant.  
Jasuja et al. characterized the water-induced degradation of the Zn-based DMOF-1 series 
and noted that certain functional groups prevent water attack, perhaps through steric 
protection, a kinetic mechanism.67  Zinc-ligand bonds are very labile, explaining the 
consistent water-induced degradation problems encountered in zinc-carboxylate MOFs.  
ZIFs are more thermodynamically stable due to the fact that imidazoles are more strongly 
bound and exchange less readily.  Complications arise when attempting to explain the 
trends for other metals due to multiple valence states, in situ redox reactions, and multiple 
favorable configurations.68  Except for Cr+3 based MOFs, ligand exchange has been 
shown in a wide variety of MOFs, including those considered to be highly stable.69, 70  
As MOF research has grown, the number of unique properties that have become 
easily accessible has greatly increased.  Among these properties are framework flexibility 
and gate-opening.  Although pure-component properties predict high selectivity, the 
measured values are much lower as the pores expand, as is evident in the case of the 
MIL-53 family of materials.71, 72  Additionally, regeneration of flexible materials is 
inhibited by kinetic barriers which can prevent practical usage, such as in the case of 
MMOF-1.73  MIL-53, like many other flexible framework materials, is highly selective 
with a small working capacity in the small pore form but selectivity is reduced almost by 
half when it transitions to the large pore form.  It should be noted that the organic linkers 
and coordination bonds found in MOFs can rotate and flex to a significant degree, 




Two major concerns to the design of optimal adsorption systems remain, material 
cost and material safety.  Current estimates place MOF synthesis at three orders of 
magnitude more expensive than zeolites, but this is to be expected with new materials 
and synthesis methods.  Significant strides are being made towards optimization and cost 
reduction of MOF synthesis along with subsequent commercialization.23  Overall, the 
performance of MOFs must justify their cost, therefore, the criteria is that the optimal 
MOF for humid gas separations must remain stable for a long period of time and perform 
better than the lower-cost layered bed alternative. 
Little is known about the health effects of MOFs, in part due to the vast number 
of known structures and combinations of organic and inorganic parts.  Some MOFs are 
being pursued as drug delivery materials74 and others are “edible”,75 so it can be inferred 
that if the ligands and metals have no toxic effects then the material should be safe upon 
degradation.76  As the degradation rates and pathways of MOFs vary as wildly as their 
stability, no set of general rules can be determined.  Additonally, it can be expected that 
non-degraded particles will have the same dangers as other nanoparticles and dust 
particulates, therefore similar precautions should be taken as adsorbents suffer attrition 
and breakage. 
 
Currently, optimization of adsorption cycles utilizing existing adsorbents is the 
focus for system design.  If the reverse situation is considered, optimization of the 
adsorbent for existing cycles, then tunable adsorbent properties are an absolute necessity.  
An optimal adsorbent is one with correctly tuned properties, even if the adsorbent isn’t 
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record-breaking for any individual property.40, 77  The adsorbent properties which 
improve performance for both PSA/VSA and TSA are: (1) high selectivity for CO2 over 
other components, (2) large working capacity, (3) fast adsorption and desorption kinetics, 
(4) long-term stability, and (5) low sensitivity to contaminants, such as water vapor.  For 
PSA/VSA systems, a linear isotherm shape between adsorption and desorption pressures 
as well as a low heat of adsorption are preferred.  For TSA systems, a reasonably high 
heat of adsorption and more rectangular isotherm are preferred.  Several reviews have 
covered the works on humid TSA systems, particularly supported amine adsorbents.2, 19 
VSA experiments run under dry conditions on zeolite 13X show the importance 
of achievable vacuum on power consumption.78  While dry VSA systems are well 
studied, humid gas separations using VSA processes are not as extensively studied.  A 
series of lab-scale reports by the Webley research group provide a guide for proposing 
optimal properties.79  These studies, which use zeolite 13X,43 activated carbon,44 and 
layered zeolite 13X beds45, 46, 80 show the importance of limiting strong water adsorption 
at low pressures.  The activated carbon bed weakly adsorbs water and shows the most 
rapid evacuation rate, but poor CO2 selectivity limits the overall performance.  The 
layered beds show the best recovery and purity, but a layered bed by definition limits the 
amount of active adsorbent in a packed bed and compounds an already complex 
optimization problem.  Alternatively, separate dehydration is expected to add a flat cost 
of $10.22 per ton CO2 recovered, increasing best case costs by roughly 50%.
77  




MOFs are a class of crystalline materials made from the coordination of organic 
molecules to metal atoms or clusters to form porous networks.  The combinations of 
organic linkers and inorganic secondary building units (SBUs) in various geometries 
leads to a vast number of structures.81  The unique chemical and structural features found 
in MOFs provide for new approaches to solving the problem of carbon dioxide capture.82-
86  Also, the crystalline nature of MOFs enables detailed study of the adsorption 
mechanisms via simulations.87 
MOFs can be designed to possess certain structural features which influence the 
target properties for humid VSA separations.  The factors which relate to the total 
capacity and initial slope of an isotherm are (1) surface area and pore volume, and (2) 
zero loading heat of adsorption.  The factors which relate to the overall shape of an 
isotherm are (1) the homogeneity of adsorption sites, (2) the density of adsorption sites, 
and (3) the flexibility of the framework.  These effects on the shape can be described 
using the parameters of the Toth isotherm or the Langmuir-Freundlich isotherm for pure-
component adsorption given in Eqs. 5.1 and 5.2 and Figure 5.2.88 
 
 𝑞 = 𝑞𝑠𝑎𝑡 ∗
𝑏P












where P is pressure, q is amount of gas adsorbed at pressure P, qsat is the saturation 
loading, b is adsorption affinity, and t is a fitting parameter describing the homogeneity 




Figure 5.2.  Representative isotherms for adsorption cycles at multiple temperatures.  
Adsorption (PA), desorption (PD), and total system (PT) pressures as well as guidelines 
provided to emphasize the effect of temperature swings on working capacity. 
 
 
Adsorbent properties affect the fitting parameters in the Toth equation in complex 
and often conflicting ways.  For VSA systems, the optimal shape would be an isotherm 
with a high value for qsat, a moderate value for b, and a t value close to unity.  In the 























linear, which is preferable for maximizing adsorbent utilization while minimizing the 
impact of temperature swings.  Another way to view this would be as an optimally 
positioned “knee” in the isotherm.  The knee is the range of pressure below which the 
majority of excess adsorption occurs.  Since VSA processes operate in the regime before 
the knee, understanding the properties that best improve this region is essential. 
Below the knee, the parameter qsat is primarily affected by the density of 
adsorption sites, which can be related to heat of adsorption and surface area on a 
volumetric basis.  Increasing either of these material properties leads to a higher qsat 
value.  The parameter b is affected by the strength of adsorption sites and increases with 
increasing heat of adsorption.  The parameter t describes the heterogeneity of interactions 
between adsorbate molecules and adsorption sites, and is important for sub-critical and 
near-critical gas adsorption, such as CO2 at room temperature.  As t approaches unity, the 
distribution of interaction strengths becomes more uniform, a characteristic typically 
found at high temperatures or for poorly interacting species such as N2 or He.  For 
isothermal adsorption, the Henry's constant, the product of qsat and b, provides a good 
comparison for VSA performance.  An estimate for the effect of these parameters on 
working capacity is given in Figure 5.3. 
Varying the parameters of an isotherm for a hypothetical adsorbent operating in a 
non-isothermal PSA system can show the effect of parameters relative to eachother.  
Figure 5.3 shows that the parameter b, if it could be decoupled from Q, has the greatest 
effect on working capacity.  Also, in all cases, the working capacity increases as t 
approaches unity.  It also shows nearly equal working capacity can be found from the 
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three cases which can be considered more realistic: high Q and b with moderate qsat, low 




Figure 5.3.  Estimated working capacities for various isotherm parameters.  Parameter 
values chosen to span a range of realistic values. 
 
Isothermal operation is one ideal limiting case for an adsorption system; the other 
being adiabatic operation.  For non-isothermal operation, the Toth parameters are 
dependent on temperature; thus the targets for an optimal adsorbent change slightly.  The 
most important equation describes the temperature dependence of the adsorption affinity 
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Working Capacity as a Function of Isotherm Parameters,
Adsorption at 318K and 0.15 bar, Desorption at 298K and 0.01 bar
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where T is temperature, Q is heat of adsorption, Rg is the ideal gas constant, and b∞ is 
adsorption affinity at infinite temperature. 
In Eq. 5.3, heat of adsorption (Q) is the important value for an adsorbent-
adsorbate pair.  Q is typically a decreasing function of gas loading, as stronger sites are 
occupied first.  Higher values of Q lead to greater temperature sensitivity as the 
parameter b would decrease more rapidly with a rise in temperature.  For VSA processes 
operating adiabatically, an optimal adsorbent must have a moderate heat of adsorption.  
An optimal heat of adsorption for CO2 was calculated to be approximately 31 kJ/mol.
89  
Considering a conventional adsorbent, one where all gases have equal access to 
adsorption sites, the difference in Q for each gas directly correlates to selectivity, a 
greater difference results in better selectivity.  For some adsorbents, competitive gas 
adsorption is inhibited due to pore restrictions or unique structural properties, minimizing 
competition at certain sites, such as in the case of molecular sieves.  This restriction 
reduces the need for large differences in the heat of adsorption for each adsorbate to yield 
selective separation. 
The parameters qsat and t can be fit to temperature dependent equations, but the 
dependence is typically negligible.  Examples where they may be significant are such as 
when structural changes occur with changing temperature.  Materials with flexible 
pendant groups, significant negative thermal expansion, and pore flexibility could show 
pore size transitions and thus changes in qsat.  Some materials have shown improved 
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adsorption above a material-specific temperature, particularly when long hydrogen-
bonding chains occupy large pore spaces, such as polyethyleneimine in silica90 or in 
MIL-101.91  The parameter t approaches unity as temperature rises, which can be thought 
of as the difference between adsorption site strengths becoming less pronounced and the 
pore surface becoming more energetically homogeneous to adsorbates. 
Combining these factors, an optimal adsorbent will have a high density of 
adsorption sites, moderate heat of adsorption, a nearly homogeneous profile of adsorption 
energies, and a lack of adsorption sites for water.  Considering this in terms of known 
physical properties, water-sensitive exposed metal sites and ultra-high gravimetric 
surface area materials cannot be considered optimal.  The optimal adsorbent needs to be 
able to provide an adsorption potential which can uniquely and strongly interact with CO2 
but not water.  For conventional adsorbents, these properties have been difficult to obtain, 
but the unique properties found in MOFs provide several viable alternative routes to 
develop an optimal adsorbent. 
 
Currently, the major adsorbents for carbon dioxide separation include zeolites, 
activated carbons, carbonate minerals, and silica-supported amines.2, 14, 92, 93  There exist 
drawbacks to each class which prevent immediate implementation in post-combustion 
systems.19  The best features of these well characterized adsorbents can be imitated in 
certain MOFs due to the wide variety of chemical building blocks available.  With the 
large library of known MOF features and the rich field of organic chemistry, the 
drawbacks of other adsorbents can potentially be overcome. 
113 
 
Increased surface area and greater density of strong adsorption sites have been the 
two major parameters of focus for improving carbon dioxide uptake and selectivity.  
These two parameters can be reliably controlled in activated carbons and zeolites and 
have been the key conventional comparisons within a material class.  The correlation 
between CO2 uptake and either surface area or density of adsorption sites is strong,
94 but 
these same factors are not indicative of good performance in an adsorption system on 
their own.  Many adsorbent screenings for adsorption systems have been conducted to 
determine the primary performance factors.95-98  The general conclusion for flue gas 
separation is that maximizing working capacity leads to the lowest energy cost, but the 
limited extent of water and stability data reduces the applicability of these results.98  Also, 
the presence of water vapor greatly impacts most adsorbents by competitively adsorbing 
on the strong CO2 binding sites.
99 
Applying these same methods to MOFs has yielded remarkable materials.  The 
goal of maximizing surface area has been pushed nearly to theoretical limits in MOFs.100, 
101  These high surface area materials have been shown to perform poorly for low 
pressure applications where high excess adsorption on a volumetric basis is required.  
The other optimization goal of increased density of polar and ionic sites has also been a 
major focus in MOF research.  Two well-known MOFs with exceptional performance, 
Mg-MOF-74 and HKUST-1, have a high density of CUS within the pores.102  The CO2 
uptake is greater in Mg-MOF-74 than zeolite 13X although the density of CUS is less, as 
shown in Table 5.4.  Neither of these benchmark MOFs is capable of overcoming the 
challenge of CO2 capture from flue gas due to the same problem experienced in zeolites, 
preferential adsorption of water over CO2.  Additionally, as with many MOFs, these two 
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materials have been shown to degrade irreversibly in the presence of excess water 
vapor60, 62 and an oxygenated atmosphere.59  Therefore, other methods to design and 
select an optimal CO2 adsorbent must be found for complex multicomponent gas 
separations such as humid flue gas.12 
 
Table 5.4.  Comparison of exposed cation site density and CO2 uptake 
 
Material Density of 
exposed cations 
(nm-3) 
CO2 uptake at 0.15 
bar, 298K (mol/kg) 
Zeolite 13X103 5.5 4.77 
(Mg)MOF-7494 4.6 6.13 
CuBTC94 2.6 0.86 





Several general optimization strategies have been proposed.85, 86  MOFs have the 
potential to enable “designed” pore spaces which provide new avenues to solving the 
challenges posed by flue gas.104  Makal et al. noted that pores of widths equal to an 
integer number of adsorbate molecules show better performance.105  Li et al. presented a 
strong foundation for classifying the major factors available to MOFs which influence 
selective adsorption in their review.31  The list of factors includes size-matched pores, 
pore size/shape adjustments to match adsorbed species, and cooperative interactions.  To 
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expand upon previous works, specific successes and further optimization targets will be 
discussed. 
Perhaps the most promising optimization approach is to develop materials with 
size-matched pores for carbon dioxide, similar to molecular sieves and commensurate 
adsorbents.  Size matching has been shown to be an effective method for improving 
selectivity.106  Pore sizes matched to multiple molecules of CO2 have also been shown to 
be effective.107  Molecular sieves exhibit strong adsorption of carbon dioxide at low 
pressures due to overlap of adsorptive potentials from the closely spaced pore walls22 as 
well as high selectivity due to size exclusion of larger molecules.  The drawback of 
conventional molecular sieves is the near inflexibility of the pores which leads to slow 
diffusion rates.  Also, rigid pores can more easily exhibit pore blockage due to adsorbed 
contaminants.  MOFs can potentially overcome this drawback due to more flexible 
coordination bonds, rotation of organic linkers, and shifting of interpenetrated 
frameworks.  Framework breathing is a similar behavior but leads to unfavorable 
hysteretic desorption and has been shown to be detrimental to selectivity.71, 72 
Three well-known properties of MOFs are flexibility, bond rotation, and 
interpenetration.  These can be used to create a material with the adsorption of a 
molecular sieve without severely restricting molecular diffusion rates.  The coordination 
bonds found in MOFs are not as strong as the graphitic bonds of carbon molecular sieves 
or Si-O bonds of zeolites, which allows certain MOF frameworks to expand when 
exposed to external forces.108  The rotation of planar aromatic rings commonly found in 
the organic linkers of MOFs allows for slight changes in the pore window sizes, a major 
factor in the diffusion properties of ZIF-8109 and others.110-112  Interpenetration is found 
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when two independent frameworks are interwoven and one framework can shift relative 
to the other.  These modes of flexibility reduce the activation energy for molecules to 
pass through the pore windows of the framework and increases diffusion rates. 
An example of this optimization method can be found in the SIFSIX series of 
materials where the size of the SiF6
-2 ion is of similar length to a single CO2 molecule.
113, 
114  Interpenetration of SIFSIX-2-Cu-i leads to a material with enough flexibility to 
readily admit molecules throughout the crystal structure yet with pore dimensions nearly 
equal to the size of a single CO2 molecule.  The performance of this material is very good 
despite the conventional factors predicting mediocre performance.  In comparison to 
other MOFs, this material possesses relatively low BET surface area (735 m2/g), no open-
metal sites, non-polar organic linkers, and numerous fluorine atoms.32  Instead, the size-
matched pores leads to close proximity to the pore walls and strong adsorption of CO2.  
Also, CO2 is preferentially adsorbed over water due to the lack of hydrophilic sites in the 
pores.114  Future development should seek to maintain the hydrophobic properties while 
increasing the CO2 interactions in the size-matched pores with a goal of a higher Henry’s 





Figure 5.4.  Hypothetical adsorption space with schematic optimal interactions.  The 
average adsorption length for CO2 is shorter than for N2, allowing for multiple 





Another optimization method is based on reticular synthesis,115, 116 which is the 
systematic approach to synthesizing targeted frameworks from known SBUs and 
analogous organic linkers.57, 117  Isoreticular materials were first formed with the Zn4O 
SBU and numerous benzene dicarboxylate analogs.  The concept was subsequently 
extended to other metal clusters.  The Cu2(COO)4 paddlewheel SBU has been 
synthesized with numerous linkers in a wide range of structures, is moderately water 
stable,118 and possesses open-metal sites, which makes it a good candidate for carbon 
dioxide capture studies.  In most cases, the open-metal sites are spaced far apart leading 
to only one oxygen of a CO2 molecule interacting with the strong adsorption site, but 
ligand design can lead to precise spacing and multiple interactions.117, 119  Similar 











































although these sites cannot be directly produced in a controlled manner.120  For a humid 
system, a longer ligand can be used in order to allow water to occupy the open-metal sites 
and CO2 to adsorb between the bound water molecules.  Among other SBUs, those 
related to Cr3O
+7 and Mn4Cl
+7 are additional candidates as there have been several studies 
indicating good stability.121, 122 
An example of this process is the synthesis of 'single-molecule traps'.123-125  A 
designed linker connects two copper paddlewheels in a co-axial arrangement with a gap 
between two metal atoms tuned for the length of CO2.  Both oxygens of a CO2 molecule 
interact with the open-metal sites, which leads to a strong and highly selective adsorption 
site.  Currently, the material synthesized possesses a low framework density and thus the 
density of adsorption sites is low.  Flue gas applications would require a higher total 
uptake of CO2.  Also, due to the large, non-selective voids between the traps, overall 
selectivity is low.  Further improvements could focus on applying this technique to 
interpenetrated materials in order to increase the density of active adsorption sites.  Also, 
more stable SBUs such as Cr3O













Several other methods for improving CO2 adsorption from flue gas exist which 
have been studied.  One of these methods is to synthesize MOFs with metals which 
interact less strongly with water.  An example of the effect of different metal CUSs can 
be found in the Mg, Ni, and Co members of the MOF-74 family.  The performance of the 
Mg-based material has been shown to be highly susceptible to water,59, 62, 126 whereas 
published results of the Ni and Co-based materials indicate good stability and acceptable 
CO2 uptake in humidified streams.
61, 127-129 
Another method involves partially-hydrophilic, mesoporous MOFs showing 
unaffected or even improved uptake when pre-loaded with water.  (Cr)MIL-101 shows 
negligible loss of CO2 capacity in the presence of water,
130 whereas an enhanced CO2 
uptake was found for (Fe)MIL-100 when pre-loaded with water.131  Although water has a 







observed and thus more study is needed on highly water stable MOFs with CUS.  This 
“oversolubility” phenomenon was further explored by Ho et al. and attributed the 
improvement to enhanced pore surface interactions with CO2 in the presence of 
solvent.132  It should be noted that large-scale estimates of implementing MOFs in 
capture systems has lead to the conclusion that some metals are simply not feasible due to 
limited world-wide supplies.133 
 
Another method to improve CO2 adsorption in humid systems is post-synthetic 
modification (PSM).  Anchoring of alkyldiamines to the CUS of MOFs has been used to 
produce highly selective materials.134-136  The major benefits are water-tolerant 
adsorption of CO2
137 and unique adsorption properties not found in other adsorbents.136  
Since this modification replaces one strong binding site with another and reduces 
porosity, CO2 isotherms are generally shifted to more rectangular shapes with lower total 
capacity while selectivity over N2 increases.  A more rectangular isotherm is favorable 
for CO2 capture from air.
134, 135  Comparisons to amine-functionalized silica are evident, 
and the performance of those materials is considered the benchmark to exceed with PSM 
in MOFs.  Similar performance in humid streams138 and similar problems with oxidizing 
atmospheres139 are to be expected.  Additional PSMs include partial metal substitution,69, 
140, 141 ligand exchange,70, 142 ammonium treatment,143, 144 and polyamine immobilization 
in mesopores91 which can lead to properties not obtained via direct synthesis methods. 
PPN-6 and related porous aromatic frameworks (PAFs) are formed entirely of 
strong covalent bonds, imparting great stability relative to MOFs.  Recently, several 
techniques to modify the aromatic rings in PPN-6 were used to incorporate highly 
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selective functionalities into a lightweight framework at high density.144-147  The high 
stability, high density of adsorption sites, low framework mass, and high surface area 
means these materials have great potential, although the difficult, multi-step synthesis 
methods may pose scale-up challenges. 
The first method involves chloromethylation of the aromatic rings with 
subsequent amine substitution.  The second method involves sulphonation and 
subsequent acid-base reaction with ammonia or metal salt.  Such processes are only 
possible on the most stable of materials due to the harsh reaction conditions.  (Cr)MIL-
101 is the presently the only MOF tested to withstand similar harsh conditions for these 
types of PSM.148  Simulations with other functionalities were performed, indicating 
several alkylamine modifications would yield improved performance over standard MEA 
solution for flue gas capture in a TSA cycle.149  Simulations of an ether modified PAF 
material predict a physisorbent with excellent adsorption properties.150  Optimization of 
synthesis and PSM for large-scale synthesis of these stable materials would produce 
highly promising adsorbents. 
 
As all of these proposed optimization strategies target certain structures, the 
feasibility of targeted synthesis must be considered.  Targeted synthesis has been and 
remains one of the major goals in designing MOFs for adsorption applications, with an 
enormous number of SBUs reported.56, 151, 152  Only a few of these SBUs were known and 
studied before MOFs, for example, the Zn4O SBU is found as basic zinc acetate.  This is 
an example of successful targeted synthesis where utilizing similar conditions to form 
basic zinc acetate enabled the synthesis of the famous MOF-5 material.153  Other clusters 
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have been transitioned in a similar manner, such as enabling the structure solution to 
MIL-100 and MIL-101.121, 154  Organic and coordination chemistry have been 
successfully used on specific occasions to design targeted materials.100, 101, 116, 155-157  
Although the concept of tailor-made materials is promising, these are exceptional cases 
as the general situation is far more unpredictable.158, 159  The majority of MOFs, including 
several record-breaking materials, have been discovered by non-targeted methods. 
 
Although a number of methods have been proposed here to overcome the problem 
of loss of adsorbent performance in humid gas separations, there are undoubtedly more 
methods yet to pursue.  In order to identify these materials among the thousands of 
available MOF structures, selection criteria must be determined.  First, stability criteria 
and material production costs allow for a reduction in the total number of MOFs under 
consideration.  Next, determination of features which lead to pore filling in the presence 
of water vapor allow for a further reduction of materials to be excluded.  Finally, 
identifying pore features which produce to multiple interactions with adsorbed CO2 
allows for better adsorbate selectivity and uptake.  This incremental method may identify 
additional adsorbent optimizations and ultimately lead to materials and processes which 
can to efficiently capture carbon dioxide in humid systems. 
 
In conclusion, the optimization of adsorbents for carbon dioxide capture from flue 
gas remains one of the most difficult challenges facing engineers and material scientists 
today.  The challenges range from researching new materials to their implementation and 
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use.  The subjects covered here target as many of the relevant points of the entire problem 
as possible.  How the molecules interact with adsorbent surfaces, the challenging 
properties of flue gas, and how current engineering methods attempt to solve the problem 
of selective CO2 removal are discussed.  The foundational thinking for adsorbent material 
design is discussed followed by how MOFs can overcome the drawbacks that have been 
observed with currently available materials. Considerations for the optimal properties are 
suggested, specifically an optimal CO2 adsorbent would have low to moderate heat of 
adsorption, a homogeneous distribution of equivalent adsorption sites, and pore surfaces 
which inhibit competitive adsorption from water and N2.  The over-arching requirements 
of cost and stability are discussed and it is noted that these constraints significantly 
reduce the number of candidate MOFs. 
With these considerations, a number of MOF structures and methods are 
discussed with potential for providing a water-tolerant CO2 adsorbent for flue gas 
separations.  The major optimization methods described are size-matched pores, single-
molecule traps, cooperative water-CO2 interactions, and post-synthetic modifications.  To 
handle the large volumetric flow rates of flue gas, novel adsorption systems must be 
engineered with an emphasis toward heat management and rapid cycles in order to 
achieve better utilization of adsorbent material. 
MOFs continue to be an exciting field of research and connect adsorption 
engineering with organic, inorganic, and synthetic chemistry.  This connection has led to 
thousands of reported materials, with unique properties and potential for CO2 capture 
from humid systems.  The challenge of carbon capture is one which requires engineering 
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The effect of functionalization on the adsorption properties of MOFs was studied 
in a series of isostructural materials.  In order to conduct a study relevant to general 
applications, this work was limited to a series of materials known to be stable in ambient 
air.  The UiO-66 series of MOFs is ideally suited as the materials are highly stable and 
can be synthesized with a number of functionalized linkers to yield isostructural 
materials. 
Results indicate that all gases tested show improved adsorption in UiO-66-NH2, 
but CO2 is most enhanced resulting in higher selectivity as predicted by IAST.  
Unfunctionalized UiO-66 possesses good CO2:CH4 selectivity, thus the selectivity and 
uptake enhancement induced by addition of an amino functionality to the pores is not as 
great for UiO-66 as is observed in other isoreticular series of materials.  This indicates 
that the entire family of UiO-66 possesses a common pore feature which provides strong 
adsorption interactions.  Addition of functional groups provides additional interactions 
which lead to smaller selectivity enhancements relative to other materials where the 
functional group is the sole source of strong interactions.  These adsorption sites common 
to the UiO-66 series are attributed to the Zr6O4(OH)4 cluster where hydroxyls are 
exposed to the pore space, provide strong interactions, and their presence is independent 
of the organic linker. 
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The amino, nitro, and dimethoxy functionalized materials all show nearly 
overlapping isotherms for CO2 at low pressures (<1 bar).  This indicates that an 
additional polar functional group will improve low pressure adsorption in UiO-66 
regardless of size or polarity.  This is attributed to the position of the functional group 
within the pore space and proximity to the hydroxyls of the metal cluster, where the polar 
group provides a second strong point of interaction for the CO2 molecule. 
Since CH4 and N2 have no dipole moment, adsorption enhancement is governed 
almost entirely due to dispersive and dispersive-dipole interactions.  For these two gases, 
the strongest enhancement is found with the smallest, most polar functional group found 
in UiO-66-NH2.  The other functionalized materials show lower uptake due to the 
additional framework mass of the bulkier functional groups, which offsets the increased 
interactions. 
All three polar groups lead to enhanced water adsorption and ultimately pore 
filling at low relative humidity (RH).  The unfunctionalized UiO-66 material shows a step 
isotherm where pore filling occurs above 20% RH.  The naphthyl functionalized material 
shows no step, indicating an inhibition of pore filling.  Pore filling is undesirable as it 
may cause nearly complete exclusion of other gas adsorbates and thus an adsorption 
system would require significant dehydration, which adds cost and reduces efficiency. 
UiO-66-2,5-(OMe)2 shows higher water vapor uptake than the materials with 
smaller functionalities.  Previously, this was attributed to a packing efficiency in the pore 
space induced by the methoxy functional groups but not provided by amino or nitro 
groups.  Another explanation is that the methoxy material, which is synthesized with an 
acetic acid modulator, has stabilized missing linker defects which lead to more pore 
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volume for water adsorption.  The pore volume increase was not observed via cryogenic 
N2 measurements as it was assumed to be obscured by external particle effects caused by 
aggregation. 
Conclusions drawn from this work indicate that UiO-66 is not a perfectly ideal 
material for studying the effect of functional groups without other factors of influence.  
This material and its isostructural family are interesting due to the multiple points of 
interaction for CO2 at adsorption sites in proximity to the metal cluster.  The best 
enhancement for CO2 adsorption is found with the small, polar amino functionality, but 
this and other polar functionalities also lead to significantly stronger water vapor 
adsorption and pore filling at low relative humidity.  For humid adsorption applications, 
the parent material and the naphthyl functionalized material may produce interesting 
results. 
Recommendations for continued research into the effects of functional groups on 
adsorption properties include humid gas adsorption, mixture adsorption, and 
breakthrough studies.  Among other stable series of MOFs, MIL-53 and various ZIF 
materials, are good candidates for study.  Due to the cost of the linkers, metals, and 
solvents, it is recommended that future work also focus on how to improve adsorbent 
utilization and explore methods of cost reduction. 
 
A series of stable MOFs with representative pore features were studied for 
mixture adsorption properties.  A breakthrough study was conducted using a set of 
industrially relevant mixtures and the materials were selected to be representative of 
certain pore features.  UiO-66 and UiO-66-NH2 were selected for the small pores and 
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good adsorption at low pressures and to compare the effect of the additional polar amino 
functionality.  UiO-66-2,5-Dimethyl was selected due to its interesting combination of 
good adsorption at low pressures and partial hydrophobicity.  NH2-MIL-101(Al) was 
selected for its combination of stability, large pores, amino functional groups, lightweight 
and low cost aluminum metal centers, and open-metal sites.  Finally, zeolite NaY, a well-
studied material, was selected as a standard. 
These five materials were tested in a breakthrough apparatus with 5 dry gas 
mixtures and two pure component streams.  Two mixtures of N2 and CO2 are 
representative of dry flue gas while the other three span a range of CH4 and CO2 
compositions.  The pure component experiments are CO2 and CH4 in a Helium carrier 
stream.  The sample sizes are on the scale of a single synthesis batch, a potentially critical 
factor for studying expensive or synthetically challenging materials.  Dynamic capacity is 
calculated at the time of 5% of inlet concentration breakthrough.  Simulations are 
qualitatively matched to the results in order to verify the results are consistent.  A number 
of unexpected challenges inherent to the instrument are overcome by applying 
corrections in an automated and self-consistent manner with custom code.  The corrected 
plots are used to observe trends between samples and compare with simulations. 
The results of this study provide a good indication of the trends between these 
materials.  As is expected in a dry gas stream, zeolite NaY outperforms each of the MOFs 
tested by roughly doubling the breakthrough time of the best MOF, UiO-66-NH2.  UiO-
66-NH2 and UiO-66-DM perform similarly for breakthrough time, but batch-to-batch 
variations appear to have a significant role in the results which is not predicted from BET 
or pXRD measurements.  UiO-66-NH2 slightly outperforms and UiO-66-DM 
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significantly outperforms predictions based on isotherms obtained from literature.  A re-
evaluation of UiO-66-DM by single component equilibrium isotherm measurement 
shows that this batch has much better CO2 adsorption performance than published results.  
Also, IAST is shown to provide a poor estimate for breakthrough times and dynamic 
capacities. 
This work indicates that UiO-66-DM may be a good candidate for further study 
due to the combination of partial hydrophobicity and performance approaching UiO-66-
NH2.  Both of these materials significantly outperform UiO-66.  The two pore features for 
NH2-MIL-101(Al) which are associated with high performance in other materials, are 
shown to have minimal impact on breakthrough time, primarily due to the large pore size 
and low density of these features. 
Recommendations for continued research include study of humid breakthrough in 
order to approach more realistic conditions.  Additionally, analysis of desorption data 
would provide information on the equally important regeneration stage of adsorption 
cycles. 
 
Although the goal of producing a single material which can successfully capture 
carbon dioxide from humid flue gas in an energy efficient manner has yet to be reached, 
significant progress has been made on many facets of the problem.  Numerous 
approaches are under consideration, so a narrow focus on the design of MOFs and what 
target pore features currently show great potential for success is the subject of this work.  
After outlining the problem and framing what options are realistic, a set of pore features 
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are schematically proposed.  These features are based on connections between results 
from various published works as well as previous works in this dissertation. 
The framed problem is capturing carbon dioxide from humid flue gas for carbon 
capture and storage purposes.  Other adsorbents already exist which can effectively and 
efficiently do this separation if the gas stream is completely dry or if temperature swing 
adsorption cycles are viable.  Dehumidification of flue gas is too expensive and no TSA 
cycle currently exists to reach purity requirements.  Therefore an adsorbent which is 
water tolerant and optimal for PSA cycles is the target. 
The proposed route to utilizing MOFs for successful and energy efficient carbon 
capture from large point sources begins with stability.  Stability is summarized as a 
reversible reaction and considered to be either kinetically or thermodynamically 
controlled.  Other works which have targeted portions of this are used as a basis for 
proposing what materials are most stable.  These materials are based on metal centers 
with very slow ligand exchange rates, such as Cr+3 or Al+3, and have high framework 
connectivity, which prevents collapse from displacement of single ligands. 
The next factor is cost and safety of the materials.  MOFs are currently at least 
three orders of magnitude more expensive than zeolites, currently the best class of 
materials for carbon capture.  Additionally, many MOFs use hazardous metals and 
solvents, require high purity reagents, and generate significant waste.  Third, MOFs in a 
powder form are likely to be an inhalation and dust hazard.  In order to overcome these 
problems, reagent selection needs to be a primary factor and further importance needs to 
be placed on the proper handling of these materials.  Fortunately, evidence suggests that 
144 
 
many MOFs are structurally robust can be pelletized without binder to form strong 
pellets. 
The third factor is adsorbent utilization.  For material properties, regenerability 
and rapid kinetics are essential, while for macro-scale adsorbent design, temperature 
control and rapid cycle optimization would yield improvements.  MOFs provide a route 
to minimizing kinetic limitations, due to linker rotation and bending, and a moderate heat 
of adsorption while maintaining performance.  Additionally, MOF synthesis enables new 
route to engineered sorbent design and implementation. 
Finally, the most important factor is adsorbent performance in mixed, humid gas 
streams.  One of the key phenomena in adsorption is pore filling at low relative humidity, 
which can be avoided by preventing strong water adsorption and subsequent clustering.  
The challenge is developing an adsorbent which can inhibit pore filling while maintaining 
effective CO2 affinity.  With the wide variety of known structures and synthesis methods, 
it is possible to make certain MOFs with specific pore features such as hydrophobic 
channels with size-matched adsorption sites for CO2.  Alternatively, taking the ability to 
tailor organic linkers to create specific pore shapes can allow for designed cooperative 
adsorption sites for H2O and CO2.  Finally, post-synthetic modification can enable pore 
structures unattainable by direct synthesis methods and in other material classes. 
 
The overarching theme of this work is the observation and understanding of 
modifying the pore features of MOFs for adsorption applications.  The primary target was 
development of a stable MOF synthesized with commercially available reagents which 
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shows good performance for CO2 adsorption under flue gas conditions.  Although such a 
uniquely challenging material was not discovered, the results and underlying work reveal 
a number of trends which help advance the understanding of adsorption in MOFs.  
Additionally, a unique niche where MOFs may solve the problem of carbon capture from 
large point source was identified and the pore features which can possibly produce a 
viable CCS adsorbent were proposed. 
 
One of the major challenges facing adsorbent characterization remains 
determination of mixture separation performance.  Two major targets exist that became 
apparent during the course of this work.  First, humid gas adsorption requires unique 
tools and equipment for proper measurement.  Second, there is a need to use 
breakthrough measurements to both characterize the adsorptive separation potential of a 
material, but also the desorption and thermal characteristics.   
Humid gas breakthrough adsorption requires additional care for accurate 
measurement of both CO2 and water, particularly the long time required for water 
saturation.  As the available number of viable MOF materials continues to grow without 
significant information on the CO2 adsorption performance under humid conditions, a 
new instrument is needed.  A breakthrough instrument which can measure water-CO2 co-
adsorption on small samples would be ideal.  This would allow for study on numerous 
samples which have yet to be scaled up or are difficult to synthesize.  By broadening the 
available spectrum of MOFs, more pore features can be tested and more accurate 
observations can be made. 
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Cyclic adsorption operations require information about the adsorption, desorption, 
and thermal behavior.  The latter two require additional care during instrument design 
and sample preparation, especially when working with small samples.  The optimal goal 
would be to measure desorption under reduced pressure and adiabatic conditions in order 








Table A.1. BET surface areas 
 
Material Name BET surface 
area 
(m2/g) 




UiO-66-NH2 1187, 1059 
UiO-66-NO2 765, 819 






Figure A.1. Nitrogen adsorption isotherms at 77K. 
 
 

































































Table A.2. Organic ligands and synthesis procedures used for each material 
 












































0.35 mmol 0.35 mmol 0.35 mmol 0.35 mmol 
ZrCl4 0.35 
mmol 
0.35 mmol 0.368 mmol 0.35 mmol 0.35 mmol 
DMF 4 mL 4 mL 4 mL 4 mL 4 mL 
Acetic Acid 0 mL 0 mL 0 mL 0 mL 0.6 mL 
Temperature 120 °C  120 °C 120 °C 120 °C 110 °C 






Figure A.3. Water Vapor adsorption and desorption isotherms at 298K 
 
 






































Table A.3. CO2 High Pressure Adsorption Isotherms at 298K 
 












Bar Mol/kg Bar Mol/kg Bar Mol/kg Bar Mol/kg Bar Mol/kg 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.024 0.119 0.013 0.118 0.025 0.098 0.014 0.132 0.013 0.117 
0.208 0.598 0.198 1.168 0.225 0.560 0.199 1.058 0.198 1.056 
0.408 0.985 0.401 1.820 0.413 0.864 0.400 1.628 0.401 1.638 
0.602 1.285 0.599 2.279 0.600 1.109 0.599 2.022 0.601 2.044 
0.804 1.550 0.798 2.654 0.808 1.343 0.801 2.328 0.800 2.365 
1.008 1.786 1.000 2.973 1.003 1.537 0.999 2.573 1.002 2.631 
1.197 1.980 1.198 3.245 1.207 1.718 1.198 2.777 1.200 2.862 
1.410 2.180 1.398 3.489 1.396 1.871 1.399 2.951 1.401 3.060 
1.609 2.353 1.600 3.710 1.604 2.022 1.599 3.104 1.600 3.232 
1.803 2.510 1.798 3.907 1.806 2.156 1.798 3.237 1.800 3.388 
2.007 2.667 1.997 4.090 2.003 2.275 1.999 3.358 1.999 3.534 
4.998 4.242 4.997 5.829 4.997 3.498 4.997 4.377 4.997 4.822 
9.994 5.707 9.995 7.284 9.992 4.735 9.991 5.096 9.999 5.869 
14.993 6.532 14.990 8.026 14.988 5.622 14.988 5.473 14.992 6.438 
19.986 7.033 19.989 8.406 19.998 6.320 19.985 5.723 20.003 6.737 
 
 
Table A.4. CH4 High Pressure Adsorption Isotherms at 298K 
 












Bar Mol/kg Bar Mol/kg Bar Mol/kg Bar Mol/kg Bar Mol/kg 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.212 0.128 0.012 0.011 0.022 0.016 0.014 0.010 0.019 0.026 
0.413 0.232 0.201 0.167 0.207 0.112 0.199 0.176 0.198 0.142 
0.606 0.326 0.401 0.311 0.405 0.206 0.400 0.325 0.409 0.268 
0.802 0.411 0.601 0.440 0.605 0.292 0.600 0.455 0.603 0.390 
1.001 0.493 0.800 0.557 0.805 0.371 0.800 0.571 0.806 0.506 
1.506 0.679 0.999 0.665 1.010 0.449 0.999 0.676 1.003 0.600 
2.003 0.845 1.498 0.904 1.508 0.608 1.498 0.901 1.504 0.801 
4.997 1.592 1.998 1.113 2.006 0.751 1.999 1.091 2.005 0.976 
9.995 2.407 4.997 2.024 4.999 1.357 4.995 1.846 4.998 1.685 
14.995 2.968 9.994 2.940 9.993 1.989 9.995 2.525 9.995 2.426 
19.991 3.399 14.994 3.566 14.999 2.385 15.004 2.940 14.995 2.910 





Table A.5. N2 Adsorption Isotherms at 298K 
 
UiO-66 UiO-66-NH2 UiO-66-1,4-Naph UiO-66-NO2 UiO-66-2,5-(OMe)2 
Pressure N2 Capacity Pressure N2 Capacity Pressure N2 Capacity Pressure N2 Capacity Pressure N2 Capacity 
Bar Mol/kg Bar Mol/kg Bar Mol/kg Bar Mol/kg Bar Mol/kg 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.013 0.004 0.012 0.016 0.013 0.005 0.013 0.004 0.014 0.012 
0.199 0.042 0.198 0.060 0.199 0.025 0.200 0.034 0.198 0.056 
0.399 0.071 0.400 0.103 0.400 0.060 0.399 0.064 0.400 0.088 
0.598 0.101 0.598 0.144 0.597 0.077 0.598 0.093 0.597 0.115 
0.799 0.128 0.800 0.184 0.799 0.098 0.799 0.122 0.799 0.153 
0.999 0.155 1.000 0.223 0.998 0.121 1.000 0.150 1.000 0.195 
1.498 0.216 1.197 0.260 1.197 0.140 1.500 0.214 1.197 0.225 
1.997 0.274 1.398 0.296 1.398 0.163 1.997 0.274 1.398 0.258 
4.996 0.567 1.598 0.331 1.598 0.182 4.997 0.567 1.598 0.288 
9.996 0.924 1.797 0.366 1.797 0.200 9.995 0.878 1.797 0.314 
14.996 1.201 1.998 0.399 1.997 0.220 14.996 1.090 1.997 0.341 





Table A.6. CO2 Isotherms and Toth model fitting parameters UiO-66 
 
  UiO-66 
  298K 308K 318K 
  P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.022 0.106 0.414 0.757 0.408 0.609 
  0.204 0.563 0.608 1.000 0.609 0.818 
  0.402 0.942 0.812 1.224 0.809 1.005 
  0.611 1.264 1.005 1.413 1.009 1.171 
  0.806 1.521 1.202 1.589 1.205 1.330 
  1.004 1.750 1.401 1.753 1.408 1.474 
  1.211 1.966 1.604 1.912 1.607 1.611 
  1.406 2.151 1.806 2.057 1.807 1.742 
  1.608 2.328 2.003 2.189 2.007 1.857 
  1.805 2.491 3.004 2.761 3.007 2.367 
  2.006 2.644         
  3.002 3.281         
  value std dev value std dev value std dev 
qi
sat 18.080 1.749 18.032 0.959 16.576 2.381 
b 0.284 0.014 0.200 0.006 0.158 0.014 
t 0.426 0.019 0.431 0.010 0.450 0.027 





Table A.7. CO2 Isotherms and Toth model fitting parameters UiO-66-NH2 
 
  UiO-66-NH2 
  298K 308K 318K 
  P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.027 0.304 0.055 0.466 0.105 0.559 
  0.054 0.523 0.104 0.711 0.202 0.867 
  0.103 0.848 0.202 1.102 0.301 1.127 
  0.202 1.330 0.301 1.409 0.402 1.349 
  0.302 1.693 0.402 1.669 0.597 1.703 
  0.402 1.983 0.597 2.069 0.798 2.002 
  0.597 2.427 0.798 2.398 0.998 2.253 
  0.798 2.790 0.998 2.673 1.197 2.474 
  0.998 3.085 1.197 2.913 1.398 2.680 
  1.197 3.339 1.397 3.125 1.598 2.855 
  1.397 3.558 1.598 3.320 1.797 3.025 
  1.598 3.755 1.797 3.492 1.997 3.177 
  1.797 3.933 1.997 3.651 2.998 3.753 
  1.997 4.094 2.998 4.277     
  2.998 4.729         
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 11.605 0.318 14.907 0.368 13.599 0.819 
b 1.675 0.022 1.261 0.010 0.823 0.014 
t 0.443 0.009 0.379 0.005 0.409 0.014 





Table A.8. CO2 Isotherms and Toth model fitting parameters UiO-66-1,4-Naphthyl 
 
  UiO-66-1,4-Naphthyl 
  298K 308K 318K 
  P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.023 0.090 0.060 0.142 0.059 0.112 
  0.063 0.207 0.110 0.231 0.111 0.185 
  0.088 0.274 0.211 0.399 0.216 0.317 
  0.225 0.560 0.319 0.549 0.315 0.425 
  0.413 0.864 0.411 0.663 0.414 0.523 
  0.600 1.109 0.603 0.869 0.602 0.691 
  0.808 1.343 0.806 1.058 0.805 0.847 
  1.003 1.537 1.002 1.221 1.003 0.992 
  1.207 1.718 1.205 1.372 1.201 1.119 
  1.396 1.871 1.405 1.507 1.402 1.235 
  1.604 2.022 1.607 1.637 1.597 1.337 
  1.806 2.156 1.801 1.752 1.803 1.440 
  2.003 2.275 2.005 1.865 2.007 1.549 
  4.997 3.498 3.006 2.341 3.010 1.962 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 11.597 0.351 14.602 0.652 15.132 1.498 
b 0.404 0.004 0.235 0.006 0.168 0.011 
t 0.456 0.008 0.420 0.008 0.413 0.016 





Table A.9. CO2 Isotherms and Toth model fitting parameters UiO-66-NO2 
 
  UiO-66-NO2 
  298K 308K 318K 
  P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.023 0.132 0.023 0.091 0.024 0.070 
  0.053 0.260 0.054 0.194 0.054 0.139 
  0.104 0.444 0.104 0.329 0.106 0.252 
  0.198 0.710 0.202 0.549 0.201 0.421 
  0.302 0.941 0.298 0.726 0.298 0.568 
  0.401 1.126 0.398 0.884 0.399 0.700 
  0.597 1.422 0.598 1.145 0.598 0.922 
  0.797 1.663 0.798 1.359 0.797 1.111 
  0.999 1.865 0.999 1.542 0.998 1.274 
  1.197 2.034 1.196 1.700 1.197 1.423 
  1.398 2.183 1.397 1.842 1.397 1.552 
  1.597 2.318 1.598 1.971 1.598 1.665 
  1.797 2.439 1.797 2.077 1.797 1.774 
  1.997 2.551 1.997 2.190 1.997 1.863 
  2.998 3.004 2.998 2.602 2.998 2.256 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 7.733 0.188 6.954 0.102 6.325 0.157 
b 1.009 0.009 0.696 0.004 0.509 0.006 
t 0.485 0.008 0.527 0.005 0.564 0.009 





Table A.10. CO2 Isotherms and Toth model fitting parameters UiO-66-2,5-(OMe)2 
 
  UiO-66-2,5-(OMe)2 
  298K 308K 318K 
  P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) P (bar) 
n(mol 
CO2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.013 0.131 0.203 0.840 0.198 0.624 
  0.198 1.071 0.398 1.310 0.399 1.031 
  0.400 1.652 0.598 1.670 0.598 1.342 
  0.599 2.064 0.798 1.962 0.797 1.600 
  0.799 2.387 1.000 2.209 1.000 1.822 
  0.998 2.651 1.197 2.417 1.197 2.012 
  1.197 2.876 1.399 2.605 1.396 2.182 
  1.399 3.074 1.599 2.771 1.599 2.336 
  1.597 3.245 1.796 2.919 1.798 2.475 
  1.797 3.399 1.999 3.058 1.997 2.601 
  1.999 3.540 2.998 3.602 2.999 3.111 
  2.999 4.081         
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 8.973 0.241 9.638 0.199 8.298 0.442 
b 1.388 0.020 0.907 0.006 0.638 0.011 
t 0.504 0.012 0.487 0.007 0.543 0.021 





Table A.11. CH4 Isotherms and Langmuir model fitting parameters UiO-66 
 
  UiO-66 
  298K 308K 318K 
  P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.021 0.019 0.211 0.113 0.411 0.162 
  0.211 0.134 0.409 0.194 0.610 0.226 
  0.410 0.233 0.606 0.273 0.813 0.286 
  0.607 0.330 0.798 0.344 1.010 0.344 
  0.810 0.419 1.009 0.417 1.210 0.396 
  1.008 0.502 1.207 0.481 1.409 0.448 
  1.205 0.580 1.408 0.543 1.608 0.497 
  1.403 0.655 1.606 0.601 1.806 0.543 
  1.607 0.727 1.807 0.658 2.005 0.591 
  1.804 0.793 2.006 0.713 3.002 0.808 
  2.004 0.861 3.004 0.960     
  2.999 1.146         
  298K 308K 318K 
 value std dev value std dev value std dev 
qi
sat 3.173 0.098 2.727 0.121 2.527 0.145 
b 0.187 0.008 0.178 0.011 0.154 0.011 





Table A.12. CH4 Isotherms and Langmuir model fitting parameters UiO-66-NH2 
 
  UiO-66-NH2 
  298K 308K 318K 
  P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.024 0.032 0.107 0.116 0.106 0.084 
  0.049 0.071 0.198 0.184 0.198 0.138 
  0.106 0.134 0.298 0.256 0.299 0.194 
  0.203 0.234 0.398 0.322 0.398 0.248 
  0.298 0.323 0.598 0.440 0.597 0.345 
  0.399 0.413 0.798 0.549 0.798 0.435 
  0.597 0.559 0.999 0.649 0.999 0.518 
  0.798 0.696 1.197 0.741 1.198 0.595 
  0.998 0.817 1.398 0.826 1.397 0.668 
  1.199 0.929 1.598 0.906 1.598 0.735 
  1.397 1.031 1.797 0.982 1.797 0.798 
  1.599 1.127 1.997 1.054 1.997 0.861 
  1.797 1.216 2.998 1.363 2.999 1.141 
  1.998 1.302         
  3.000 1.662         
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 3.207 0.104 2.809 0.119 2.679 0.115 
b 0.346 0.018 0.304 0.020 0.241 0.015 





Table A.13. CH4 Isotherms and Langmuir model fitting parameters UiO-66-1,4-
Naphthyl 
 
  UiO-66-1,4-Naphthyl 
  298K 308K 318K 
  P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.014 0.012 0.014 0.012 0.201 0.074 
  0.199 0.134 0.198 0.093 0.401 0.136 
  0.399 0.240 0.401 0.174 0.598 0.198 
  0.598 0.329 0.599 0.249 0.800 0.255 
  0.798 0.421 0.800 0.321 0.999 0.310 
  0.999 0.499 1.000 0.386 1.198 0.361 
  1.198 0.576 1.198 0.449 1.399 0.410 
  1.398 0.640 1.398 0.506 1.599 0.457 
  1.598 0.696 1.599 0.561 1.797 0.501 
  1.798 0.759 1.798 0.611 1.997 0.543 
  1.998 0.856 1.999 0.671 2.997 0.734 
  3.000 1.063 2.998 0.882     
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 2.419 0.027 2.438 0.051 2.313 0.040 
b 0.248 0.004 0.188 0.005 0.154 0.003 





Table A.14. CH4 Isotherms and Langmuir model fitting parameters UiO-66-NO2 
 
  UiO-66-NO2 
  298K 308K 318K 
  P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.016 0.017 0.403 0.207 0.600 0.235 
  0.204 0.149 0.597 0.287 0.800 0.297 
  0.403 0.269 0.801 0.365 0.999 0.355 
  0.604 0.373 1.002 0.436 1.199 0.409 
  0.803 0.468 1.202 0.499 1.399 0.459 
  1.002 0.549 1.401 0.558 1.599 0.507 
  1.200 0.624 1.600 0.613 1.797 0.551 
  1.402 0.695 1.798 0.665 1.999 0.598 
  1.601 0.759 2.001 0.716 2.998 0.790 
  1.800 0.820 2.998 0.931     
  2.000 0.877         
  2.998 1.118         
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 2.257 0.050 2.131 0.048 2.029 0.059 
b 0.321 0.011 0.255 0.008 0.211 0.009 





Table A.15. CH4 Isotherms and Langmuir model fitting parameters UiO-66-2,5-
(OMe)2 
 
  UiO-66-2,5-(OMe)2 
  298K 308K 318K 
  P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) P (bar) 
n(mol 
CH4/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.054 0.034 0.055 0.029 0.055 0.024 
  0.107 0.064 0.107 0.052 0.107 0.042 
  0.199 0.112 0.198 0.089 0.198 0.072 
  0.299 0.163 0.301 0.129 0.300 0.103 
  0.400 0.208 0.399 0.165 0.400 0.133 
  0.600 0.291 0.600 0.233 0.598 0.187 
  0.799 0.363 0.799 0.293 0.798 0.237 
  0.998 0.429 0.999 0.348 0.998 0.283 
  1.200 0.489 1.198 0.399 1.197 0.325 
  1.398 0.544 1.399 0.446 1.398 0.365 
  1.598 0.595 1.598 0.490 1.599 0.403 
  1.797 0.644 1.798 0.534 1.798 0.441 
  1.998 0.689 1.998 0.573 1.998 0.479 
  2.998 0.880 2.998 0.746 2.998 0.631 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 1.781 0.037 1.667 0.043 1.576 0.055 
b 0.319 0.010 0.265 0.010 0.219 0.011 





Table A.16. N2 Isotherms and Langmuir model fitting parameters UiO-66 
 
  UiO-66 
  298K 308K 318K 
  P (bar) 
n(mol 
N2/kg) P (bar) 
n(mol 
N2/kg) P (bar) 
n(mol 
N2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.013 0.002 0.013 0.005 0.013 0.007 
  0.200 0.028 0.199 0.028 0.198 0.027 
  0.400 0.055 0.399 0.051 0.398 0.047 
  0.599 0.082 0.599 0.075 0.598 0.067 
  0.798 0.107 0.798 0.097 0.800 0.087 
  0.998 0.133 0.999 0.119 0.999 0.104 
  1.197 0.157 1.197 0.140 1.197 0.120 
  1.398 0.182 1.398 0.159 1.398 0.136 
  1.598 0.205 1.598 0.178 1.598 0.151 
  1.797 0.230 1.797 0.198 1.797 0.168 
  1.998 0.252 1.998 0.216 1.997 0.185 
  2.998 0.356 2.999 0.305 2.998 0.270 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 2.187 0.046 1.407 0.072 1.358 0.236 
b 0.065 0.002 0.092 0.006 0.081 0.016 





Table A.17. N2 Isotherms and Langmuir model fitting parameters UiO-66-NH2 
 
  UiO-66-NH2 
  298K 308K 318K 
  P (bar) 
n(mol 
N2/kg) P (bar) 
n(mol 
N2/kg) P (bar) 
n(mol 
N2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.400 0.104 0.399 0.081 0.400 0.070 
  0.598 0.145 0.598 0.114 0.598 0.098 
  0.800 0.185 0.798 0.148 0.798 0.126 
  1.000 0.224 0.998 0.181 0.998 0.154 
  1.197 0.261 1.197 0.212 1.197 0.180 
  1.398 0.297 1.398 0.243 1.398 0.205 
  1.598 0.333 1.598 0.272 1.598 0.231 
  1.797 0.368 1.797 0.302 1.797 0.255 
  1.998 0.401 1.997 0.331 1.997 0.279 
  2.999 0.556 2.998 0.463 2.998 0.396 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 2.072 0.112 2.060 0.090 1.839 0.130 
b 0.121 0.008 0.096 0.005 0.091 0.008 





Table A.18. N2 Isotherms and Langmuir model fitting parameters UiO-66-1,4-
Naphthyl 
 
  UiO-66-1,4-Naphthyl 
  298K 308K 318K 
  P (bar) 
n(mol 
N2/kg) P (bar) 
n(mol 
N2/kg) P (bar) 
n(mol 
N2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.013 0.005 0.013 0.003 0.200 0.020 
  0.199 0.025 0.198 0.021 0.399 0.035 
  0.597 0.076 0.599 0.058 0.597 0.050 
  0.799 0.097 0.800 0.077 0.798 0.064 
  0.998 0.119 0.999 0.095 0.998 0.079 
  1.197 0.139 1.197 0.110 1.197 0.093 
  1.398 0.161 1.398 0.128 1.399 0.106 
  1.598 0.179 1.598 0.143 1.598 0.117 
  1.797 0.197 1.797 0.160 1.797 0.132 
  1.997 0.216 1.997 0.173 1.997 0.145 
  2.999 0.306 2.999 0.253 2.999 0.206 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 1.450 0.092 1.594 0.142 1.050 0.099 
b 0.089 0.007 0.062 0.006 0.081 0.009 





Table A.19. N2 Isotherms and Langmuir model fitting parameters UiO-66-NO2 
 
  UiO-66-NO2 
  298K 308K 318K 
  P (bar) 
n 
(mol N2/kg) P (bar) 
n 
(mol N2/kg) P (bar) 
n 
(mol N2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.198 0.036 0.199 0.029 0.198 0.026 
  0.398 0.067 0.398 0.054 0.398 0.046 
  0.597 0.097 0.597 0.078 0.597 0.066 
  0.798 0.126 0.798 0.102 0.798 0.085 
  0.998 0.153 0.999 0.124 0.999 0.102 
  1.197 0.180 1.197 0.145 1.199 0.120 
  1.398 0.206 1.397 0.166 1.399 0.137 
  1.598 0.230 1.598 0.187 1.599 0.153 
  1.797 0.256 1.797 0.207 1.797 0.172 
  1.997 0.279 1.999 0.227 1.999 0.191 
  2.999 0.387 2.998 0.323 2.999 0.268 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 1.576 0.047 1.600 0.106 1.317 0.126 
b 0.108 0.004 0.084 0.006 0.084 0.009 





Table A.20.  N2 Isotherms and Langmuir model fitting parameters UiO-66-2,5-
(OMe)2 
 
  UiO-66-2,5-(OMe)2 
  298K 308K 318K 
  P (bar) 
n 
(mol N2/kg) P (bar) 
n 
(mol N2/kg) P (bar) 
n 
(mol N2/kg) 
  0.000 0.000 0.000 0.000 0.000 0.000 
  0.400 0.087 0.200 0.041 0.200 0.032 
  0.597 0.113 0.399 0.064 0.398 0.052 
  0.799 0.151 0.597 0.093 0.598 0.067 
  1.000 0.192 0.798 0.128 0.800 0.101 
  1.197 0.221 0.998 0.154 1.001 0.122 
  1.398 0.254 1.197 0.180 1.197 0.144 
  1.598 0.283 1.398 0.203 1.398 0.164 
  1.797 0.308 1.598 0.225 1.598 0.180 
  1.997 0.335 1.797 0.250 1.797 0.196 
  3.000 0.458 1.997 0.274 1.997 0.218 
      2.998 0.374 2.997 0.297 
  298K 308K 318K 
  value std dev value std dev value std dev 
qi
sat 1.580 0.076 1.354 0.079 1.084 0.100 
b 0.136 0.008 0.127 0.009 0.125 0.014 





A.2 Chapter 4: Micro-Bed Breakthrough Study on a Set of Stable MOFs 
A.2.1 Instrument Design. 
A schematic of the instrument is provided in Figure A.4. and a photograph of the 
entire instrument contained within a fumehood is provided in Figure A.5.  The instrument 
used in this study was designed for hazardous gas breakthrough testing, thus remote 
operation is used as opposed to more common methods of 4-way switching valve 
adjustment.  Additionally, the entire apparatus is contained within a fumehood.   
The components of construction are as follows: 
1) MKS piMFC pressure insensitive mass flow controllers.  The MFCs are calibrated 
for N2 flow where two are 100 sccm models and the third is a 10 sccm model. 
2) MKS model 247D Four Channel Power Supply/Readout. 
3) Hiden DSMS and Hiden MASoft (Hiden Isochema, Inc.). 
4) Swagelok® VCR® face-seal gasket fittings. 




Figure A.4.  Schematic of instrument.  Flowrate capabilities are presented as values after 




Figure A.5.  Photograph of instrument ready for operation.  Key features are PID 
temperature controller with heat tape and external thermocouple, three MKS piMFCs, 

























A.3 Mathematical Corrections for Simulation Comparisons 
Multiple manipulations to the raw data were conducted in an automated and 
sequential manner to obtain the final results.  This was only conducted for visual 
comparisons between samples and to simulation results.  Any corrections did not affect 
calculation of dynamic capacities. 
1) Raw data is recorded on m/z channels for the primary ion of each gas involved.  
Time required for measuring all channels is roughly 1.8 seconds. 
2) Raw data is normalized to a 0-to-100 scale based on the maximum recorded 
value. 
3) The raw, normalized data is used by a Mathematica program and a series of 4 
functions are applied. 
a. Determine a timeframe sufficiently late in the experiment to be 
confidently considered “steady state.”  This is accomplished by taking the 
middle third of data between the maximum recorded signal and the end of 
the data record. 
b. Obtain a nonlinear model fit to the section of data using Eq. A.1.  As can 














where the fitting parameters are a, b, and z.  The assigned variables are c0 and c1, which 
are the start and end times of the fitting interval, respectively.  The known values are t 
and y.   
c.  For the time interval beyond 5% breakthrough, add the value obtained 

















where a, b, z, c0 and c1 are values obtained from previous fitting results.  The values t5 
and yt are determined from the raw, normalized data.  The value t is the time for the 
recorded data point.  The value yt,new is the resulting corrected data. 
d. Normalize the corrected data to a 0-to-100 scale where the maximum 
value is selected at 3 minutes after the time where the maximum value in 
the raw data had occurred. 
e. The corrected data, the raw data, and the fitted curve are plotted in order to 
visually verify the fit and correction. 
i. Only in extreme cases, where external changes affected data 
collection, are corrections not accepted and the data rejected.  
Occasionally, these external effects were noted during data 
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collection, but the effects on final results were not apparent at the 
time. 
ii. Examples where the correction was successful are given in Figure 
A.6.  Examples where the corrections were unacceptable or failed 
are given in Figure A.7. 
4) The corrected, normalized data obtained from the Mathematica code is imported 
to OriginPro 8.5. 
a. As there are two or more data sets for each sample-experiment pair, the 
data was averaged using ‘Average Multiple Curves’ and an error obtained. 
i. The averaged data was used for all further calculations. 
5) The averaged curves are used for plotting, comparison to model results, and 
determination of gas uptake. 
a. For calculations: the times for each sample are converted from seconds to 
minutes per gram of activated adsorbent. 
i. Calculating the difference between the 5% breakthrough time for 
each sample-experiment pair and associated calibration-experiment 





Raw data, corrected data, and 
correction fitting curve for CO2 
flowing through calibration bed. 
 
 
Raw data, corrected data, and 
correction fitting curve for N2 
flowing through calibration bed. 
 
 
Raw data, corrected data, and 
correction fitting curve for CO2 
flowing through calibration bed. 
 
 
Raw data, corrected data, and 
correction fitting curve for N2 
flowing through calibration bed. 












Normalized Concentration C Co
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Raw data, corrected data, and 
correction fitting curve for N2 
flowing through calibration bed.  
Note the poor fit and uneven 
result, perhaps due to an 
unexpected change outside of 
the instrument such as shifting 
the fumehood sash position. 
 
Raw data, corrected data, and 
correction fitting curve for N2 
flowing through calibration bed.  
Note the significant error 
introduced if the correction is 
used.  A change in vacuum 
performance was noted between 
this and prior uses. 
 
Raw data, corrected data, and 
correction fitting curve for CH4 
flowing through calibration bed.  
Note the significant error 
introduced if the correction is 
used.  A change in vacuum 
performance was noted between 
this and prior uses. 




A.4 Offset Normalization 
As the sample sizes and bed lengths varied, a difficulty arises in attempting to 
show all of the breakthrough results on a single plot.  Comparing un-normalized 
breakthrough performance of two samples where one is half as massive would be 
incorrect and misleading.  Standard normalization multiplies all time values by a factor, 
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Normalized Concentration C Co
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but when one sample is half as heavy as another, this factor doubles.  The result of this 
method of normalization is an artificially broadened breakthrough plot, a major problem 
when the plots are inherently diffuse.   
An alternative method is to shift the data by only multiplying a single point by the 
normalization factor.  What this accomplishes is that it maintains the shape of the 
breakthrough plots as they were measured in real-time while placing the results in 
positions for visual comparison of performance.  By adding an offset factor, shown in Eq. 
A.3, to the data, this is accomplished.  Results are shown in Figure A.8 through Figure 
A.18.  Plots include error bars calculated from averaging of multiple curves as well as 




𝑡𝑒𝑥𝑝𝑡,𝑛𝑒𝑤 = (𝑡𝑒𝑥𝑝𝑡 + (
(1 − 𝑚)𝑡5,𝑒𝑥𝑝𝑡 − 𝑡5,𝑐𝑎𝑙
𝑚




where t is time, t5 is the time at which normalized concentration equals five.  Subscripts 





Offset-Normalization Results (CO2) 
.  
Figure A.8.  Normalized CO2 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance. 
 


























































Figure A.9.  Normalized CO2 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance.   
 



























































Figure A.10.  Normalized CO2 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance.   
 



























































Figure A.11.  Normalized CO2 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance. 
 



























































Figure A.12.  Normalized CO2 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance.   
 



























































Figure A.13.  Normalized CO2 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance.   
 


























































Offset-Normalization Results (N2) 
 
Figure A.14.  Normalized N2 breakthrough curves offset along time axis to account for 
sample mass and allow for qualitative comparison of material performance.   
 


























































Figure A.15.  Normalized N2 breakthrough curves offset along time axis to account for 
sample mass and allow for qualitative comparison of material performance. 
 

























































Offset-Normalization Results (CH4) 
 
Figure A.16.  Normalized CH4 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance. 
 



























































Figure A.17.  Normalized CH4 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance.   
 



























































Figure A.18.  Normalized CH4 breakthrough curves offset along time axis to account 
for sample mass and allow for qualitative comparison of material performance. 
 
A.5 Simulation Model Equations and Parameters 
The model parameters are given in Table A.21 through Table A.23.  The model 
equations are given in Eqs. A.4-A.20.  In Figure A.19 through Figure A.23, the results of 
all simulation and experimental breakthrough data are plotted.  Lines with symbols are 
obtained from simulations, solid lines are from experimental data, and dashed lines are 
from calibration data.  Calibration results for each gas are in black and correspond to the 
experiment gas immediately following along the x-axis.  Sample results are in color, CO2 
in red and N2 or CH4 in blue.  Temperature rise, in K, is shown with pink squares and 
values are the same as is used for normalized concentration. 


























































The results for the 67:33 CO2:CH4 mixture, shown in Figure A.22, were not 
sufficiently consistent nor reproducible.  This is likely due to the low flowrate of CH4, 





Table A.21.  Parameters used in breakthrough simulation 
 
Parameter value units Description 
De 0.025 cm
2/min Effective Diffusivity 
Utotal 2.4*10
3 mJ/min/cm/K Overall Heat Transfer 
Coefficient 
Voidage 0.3 - - 
2*Rp 14 µm Particle Radius 
kD (CO2, N2, CH4) 42, 84, 420 1/min Linear Driving Force 
Coefficient 
Rg 8.314*10
-3 mJ/µmol/K Ideal Gas Constant 






mJ/µmol/K Molar Heat Capacity, Gas 
Cp (solid) 920 mJ/g/K Specific Heat Capacity, Solid 
L 1.8 cm Bed Length 




Table A.22.  Isotherm parameters for Toth equation and Heat of Adsorption 




NaY UiO-66 UiO-66-NH2 UiO-66-DM NH2-MIL-101(Al) 
qsat mol/kg 6.56 18.08 11.61 14.3 15.13 
b 1/bar 4.95 0.28 1.68 1.26 0.14 
t - 0.81 0.43 0.44 0.31 1 
Qads kJ/mol -34 -25 -27.5 -27 -24 
CH4 
Zeolite 
NaY UiO-66 UiO-66-NH2 UiO-66-DM NH2-MIL-101(Al) 
qsat mol/kg 4.65 3.17 3.21 1.57 2.72 
b 1/bar 0.09 0.19 0.35 0.31 0.07 
t - 1 1 1 1 1 
Qads kJ/mol -16 -18 -21 -20.5 -17 
N2 
Zeolite 
NaY UiO-66 UiO-66-NH2 UiO-66-DM NH2-MIL-101(Al) 
qsat mol/kg 1.95 2.19 2.07 1.57 3.24 
b 1/bar 0.06 0.06 0.12 0.07 0.04 
t - 1 1 1 1 1 
Qads kJ/mol -9 -14 -17 -15 -12 
 
 
Table A.23.  Values used to obtain a match between simulation and calibration 
results.  A and B are arbitrary values adjusted for each gas composition and 
flowrate to alter the error function step change shown in Eq. A.15 
 
CO2 N2 or CH4 
A B A B 
.30 1.5 .20 6.0 
.26 2.0 .22 5.5 
.25 2.5 3.0 10 
.25 2.5 .20 2.5 
.25 2.5 .25 1.5 
.25 2.5 .26 5.0 
.25 2.5 .26 5.0 
.25 2.5 .20 6.0 
 
 
A.6 Model Equations 
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The system of equations for prediction of equilibrium mixture adsorption amounts 
at various conditions using IAST is given in Eqs. A.4 and A.5.  Assigned variables are P, 
y1, and y2 where subscripts indicate component 1: CO2 and 2: N2 or CH4.  If the sum of 
mole factions of the two adsorbing gases do not equate to unity, then it is assumed 


















, 𝑤ℎ𝑒𝑟𝑒 𝐹𝑖(𝑡) = 𝑞𝑖,𝑒𝑞(𝑝𝑖) (A.4) 
 















The series of equations used to determine the amount of each component 



























The two component Langmuir isotherm is used to fit the mixture adsorption 





𝑞𝑖,𝑠𝑎𝑡𝑏𝑖(𝑧, 𝑡) ∗ 𝑝𝑖(𝑧, 𝑡)














The equations used in the simulation of breakthrough curves are given below.  
Equations are numerically integrated using the Automatic method in NDSolve in 
Mathematica. 
Eq. A.13 gives the temperature dependence of the adsorption affinity parameter 
for Toth, Langmuir and multicomponent Langmuir equations. 
 𝑛𝑖,𝐼𝐴𝑆𝑇 = 𝑛𝑡𝑜𝑡𝑥𝑖 (A.9) 

















Eq. A.14 gives the partial pressure for component i. 
 
 𝑝𝑖(𝑧, 𝑡) = 𝑅𝑔𝐶𝑖(𝑧, 𝑡) ∗ 𝑇(𝑧, 𝑡) (A.14) 
 
Eq. A.15 gives the error function to simulate step change of gas flow composition 
at bed inlet.  The arbitrary parameters, a and b, are given in Table A.23. 
 
 f(𝑡, 𝑎, 𝑏) = erf((𝑏(𝑡 − 𝑎) − 2) + 1) ∗ 0.5 
(A.15) 
 
The Convection-Diffusion Equation for adsorptive breakthrough for each 










(𝐶𝑖(𝑧, 𝑡) ∗ 𝑢(𝑧, 𝑡)) +
𝛿
𝛿𝑡









The differential adsorption behavior with Linear Driving Force assumption is 




𝑞?̅?(𝑧, 𝑡) = 𝑘𝑖(𝑞𝑖,𝑒𝑞(𝑧, 𝑡) − 𝑞?̅?(𝑧, 𝑡)) (A.17) 
 
The heat balance for the bed assuming instantaneous thermal equilibrium between 






(𝐶𝑇𝑜𝑡(𝑧, 𝑡) ∗ 𝑢(𝑧, 𝑡)) + 𝐶𝑝,𝑔𝑎𝑠𝑉𝑏
𝛿
𝛿𝑡
(𝐶𝑇𝑜𝑡(𝑧, 𝑡) ∗ 𝑇(𝑧, 𝑡))
+ 𝐶𝑝,𝑠𝑜𝑙𝑖𝑑𝑚(1 − )
𝛿
𝛿𝑡










The total mass and momentum balances are simplified by Eq. A.19.  This assumes 























 𝐶𝑇𝑜𝑡(𝑧, 𝑡) = ∑ 𝐶𝑖(𝑧, 𝑡) (A.20) 
A.7 Simulation Results 
In Figure A.19 through Figure A.23, the results of the simulations and their 







Figure A.19.  Simulated and experimental breakthrough curves for 10:90 CO2:N2. 
 




































































































































































































































































































































































Figure A.20.  Simulated and experimental breakthrough curves for 15:85 CO2:N2. 
 



































































































































































































































































































































































Figure A.21.  Simulated and experimental breakthrough curves for 50:50 CO2:CH4. 
 
 











































































































































































































































































Figure A.22.  Simulated and experimental breakthrough curves for 67:33 CO2:CH4. 
 
 























































































































































































































































































































































































































































































































































DESIGN AND CONSTRUCTION OF A MODULAR ADSORPTION 
APPARATUS 
B.1 Introduction 
Equilibrium adsorption analysis is a slow process which places a constraint on the 
number of samples which can be studied.  In order to correct for this apparent need, I 
designed an apparatus which measures adsorption via volumetric techniques.  Among 
other needs and concerns is the future uses within the research group.  The considerations 
include toxic gas adsorption, material handling, and chemical compatibility.  Combining 
these factors produced a relatively low cost, reliable, and easy to use apparatus which has 
produced several important results within our research group. 
B.1.1 Design and Construction. 
B.1.1.1 Temperature Control 
The simplest and most reliable method for obtaining temperature control is to 
immerse the sample cell in a temperature controlled bath.  The two major fluids used to 
maintain temperature control are water and mineral oil.  The bath is then controlled to a 
set temperature by a circulating pump with a heating and/or cooling element.  The system 
is oriented so that the outlet of circulation pump is directed towards the two side-by-side 
sample cells. 
The choice between water and mineral oil is dictated by required maximum 
operating temperatures required.  Water is limited to roughly 80°C as the rate of loss by 
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evaporation rises rapidly, leading to a need to replenish with additional water, a process 
which affects the temperature.  Evaporative losses can be reduced by reducing the 
effective surface area of the bath, such as using a floating layer of hollow polypropylene 
spheres.  Mineral oil can be used up to 200°C or higher, as limited by the age-dependent 
flash point of the oil.  A more practical advantage to water over oil is the ease of clean-
up, storage, and transport.  Water can be simply drained, wiped away, and left to dry in 
open air in order to prepare the bath for transport or handle the sample cells, an option not 
available for oil. 
The heat transfer fluid must be contained in some vessel.  The most common 
option is a stainless steel tub liner in a rigid box, which can provide sufficient insulation 
to handle over 200°C bath temperatures.  Tubing and valves can be bolted directly to the 
body of the container.  Another option is a plastic vessel, such as acrylic, which is lighter 
but cannot handle above 70°C due to the adhesives used.  Additionally, tubing and valves 
must be attached to a panel which is adhered to the bath wall.   
B.1.1.2 Pressure Control 
The measured variable in this apparatus is the cell pressure.  Two high accuracy 
pressure transducers are used for each unit, one for a reference cell and the second for the 
sample cell (thus a total of 4).  The transducers are Honeywell model Super TJE with 
absolute measurement range from 0-100 psi.  These units are factory calibrated along 
with a model SC2000 signal conditioner. 
In order to minimize the leak rate of the cells, the valves and sealing surfaces 
must be of the highest quality.  Naturally, if gas leaks out of the cells, the measurements 
taken will be invalid.  Any tubing fitting which will be disconnected after first 
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construction must be VCR® face seal gaskets and the valves are long-stem, stainless steel 
bellows valves.  The long stem is useful to allow for the water bath to be filled to a higher 
level.  It was noted that slight rusting occurs to the stem, which are carbon steel, while the 
body is stainless steel. 
B.1.1.3 Material Compatibility 
The gases used for adsorption experiments in our research group have included: 
CO2, CH4, N2, He, H2S, CO, C2H2, C2H4, C2H6, nC4H10, iC4H10, among others.  Of 
immediate note are the toxic gases, CO and H2S, and the explosive gas, acetylene, which 
require careful handling.  The safest method for handling such gases is to contain 
everything (apparatus, supply, and exhaust) within the confines of a fume hood.  H2S is 
highly damaging to most grades of steel and cannot be used without special alloys at all 
exposed surfaces.  CO and C2H2 dangerously interact with Ni and Cu VCR
® gaskets, 
respectively, which is easily avoided by using the alternate gaskets.  The Ni and Cu 
gaskets are preferred over SS gaskets when the fitting is to be used often, as repeatedly 
using SS gaskets will damage the sealing surface, and they are significantly softer metals 
and easier to tighten.  Cu gaskets have a temperature limit of 205°C, which can be a 
concern during sample activation. 
The materials which may be exposed to the experiment gas are:  SS316, carbon 
steel, Cu, Ni, Al, and graphite. 
B.1.1.4 Sample Handling 
Samples are loaded into a holder, such as a sintered stainless steel filter, with the 
open end capped by a piece of aluminum foil just large enough to remain in place.  This 
sample cell can be weighed before or after experiment, allowing flexibility if fast loading 
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is required.  Also, the sample powder can be loaded “wet,” a process which utilizes a 
volatile solvent to protect samples from air exposure.  The sample cell is sealed and the 
entire unit is connected to a vacuum line .  This vacuum line is a separate set of fittings 
from the water bath manifold, as typical activation requires temperatures over 70°C.  The 
sample cell is wrapped in heat tape allowing for effective heating to activation 
temperatures.  Heat and vacuum are slowly applied to the sample cell where heat is 
controlled by a PID controller and vacuum is monitored via the pressure transducers. 
B.1.1.5 Construction 
Construction is a straightforward process which simply follows the 
recommendations provided in the tubing and fittings manuals supplied by vendors.  The 
valves and pressure transducers are separated from the rest of the system by fritted filter 
VCR® gaskets. 
The first things to consider is the layout of the gas manifold, which controls the 
gas flows from supply tanks and to vents and vacuum lines.  To anchor the manifold, two 
layers of adhesive backed acrylic panels were used to provide a solid platform.  The 
panels had holes drilled of two different sizes to match the head and body of a bolt, which 
was then sandwiched between the panels and the water bath.  These bolts allow the 
manifold to be anchored to the bath via tubing clamps. 
The connection between the manifold and each unit requires careful tube bending 
and welding.  The most reliable approach is to use three bends perpendicular to each 
other so that the position of the unit can be tuned later. 
Finally, the sample cells should be slightly elevated from the plane upon which 
the unit rests, in order to allow for space for heating tape or heat transfer fluid to envelop 
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the cell.  This can be best achieved by placing the cell at a right angle to the rest of the 
unit and then angle it upwards roughly 30 degrees. 
B.1.2 Operation. 
B.1.2.1 Calibration 
Calibration of this unit was conducted with Helium at a series of increasing 
pressures and with various filler materials to occupy the dead volume of the cells.  Useful 
materials include glass beads, aluminum foil, and small pieces of metal.  By weighing, 
the volume of these materials can be determined, and thus the volume of each sample 
chamber can be adjusted.  When at least two different materials plus an empty run are 
conducted, the dead volume of each cell can be determined with confidence by 
calculations using the ideal gas law.  It should be noted that the orientation of the valve 
can have an effect of several mL, due to internal construction. 
B.1.2.2 General Use 
Samples are prepared, loaded, and sealed into the sample cells.  Typically, 50mg 
is sufficient.  The entire unit is evacuated and the sample cell is heated, which, after some 
time, will activate the sample.  Since initial and final weights cannot be taken of the 
entire unit, activation cannot be directly observed but must be determined by some other 
means.  The pressure transducers are zeroed to the achieved vacuum, the valves are 
sealed, and the cell is allowed to cool.  The units are then placed in the water bath, 
attached to the manifold, and the upstream sections are evacuated.  At this point, the 
system is at set temperature and best achievable vacuum, and then the experiment is run. 
The experiment consists of a series of incremental pressurizations of the reference 
cell, brief pause for equilibration, then transfer of gas from reference to sample cells.  The 
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pressure can be controlled by opening the reference cell valve rapidly, via control at the 
regulator, or by careful partial evacuation.  The former is preferable as supply line leaks 
are common, thus positive pressure in the supply lines is recommended.  By recording the 
initial and final pressures of the two cells, a mass balance can be used to calculate the 
amount of gas adsorbed via an equation of state.  A wait period of at least 1 hour is 
necessary for thermal equilibration of the sample cell after the initial near-adiabatic 
adsorption process.  Eventually, the increments will approach the maximum measureable 
pressure (100 psia or ~6.5 bar), at which point the experiment can be conducted in 
reverse, repeated, or brought to lab pressure for removal. 
B.1.2.3 Calculations 
In order to calculate the amount of gas adsorbed, a mass balance must be 
conducted on the two cells of each unit.  The void volume of the cell is known and the 
mass and density of the sample pan and aluminum foil cover are also known, allowing for 
easy subtraction of the occupied, non-adsorbing volume.  The mass of sample can be 
obtained either from other experiments, measurement of dry mass immediately after 
experiment, or approximation from a TGA curve.  The density of the sample is not 
critical to the calculation, but does fall in a gray area of definitions for adsorption1.  By 
subtracting the volume of the materials in the sample cell, the number of moles in the gas 
phase can be determined.  The mass balance between the reference and sample cells 
provides what amount of gas should have passed from the one chamber to the other.  This 
amount of “missing” gas can only be attributed to adsorption, thus yielding the amount of 
gas adsorbed since the previously measured point.  Larger pressure “steps” increase the 
accuracy of each measured adsorption point. 
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B.2 Observations and Discussion 
This instrument had a number of benefits but also a number of drawbacks.  The 
primary benefits are flexibility, accuracy, portability, and the capability to complete two 
measurements simultaneously in one day.  This was heavily utilized by myself to screen 
samples of the UiO-66 family of materials.  After a number of samples were measured, 
concerns about the accuracy were brought up by myself and I ceased using the 
instrument.  Later literature would reveal the actual cause of the inconsistency was 
inherent to the adsorbent material, not the instrument.  Other group members have 
successfully used this instrument for CO and acetylene adsorption and desorption 
measurements. 
The drawbacks of this instrument include the manual operation, decreasing 
accuracy with smaller pressure steps, and slow thermal equilibration rate.  The first 
drawback stems from the fact that humans are prone to error.  The second is especially 
relevant in the low pressure regime where much of the most interesting and relevant 
adsorption occurs.  Fitting an isotherm model can help alleviate this problem.  The third 
drawback stems from the non-forced nature of the temperature control bath.  The sample 
temperature is not measured directly and heat transfer rates are very low, which means 
the likely sample temperature when data is recorded is slightly above the bath setpoint. 
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